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FOREWORD 



This monograph, ''Science -and Technology in America — An Assess- 
ment," is the ^published version of a series o^^islinguished jectures 
delivered at the National Bureau of Standards dunnglhe months of March 
and April 1976. This series was conceived to ciommembrate two a/iniversa- \ 
ries — the1[)irth of this Nation 200 years ago, and the^founding of the Na-^ 
tional Biireau of Standards 75 years aga. With this monograph, *we are 
• haVpy to share the authoritative vi«w which the series^ s^s a whole provides 
of the broad reach of science and technol<ig3^ in this country witlrH^%«ider 
audience than was able to attend the lectures in person. " % 

This Series, was designed to assess the current state and fqture 
^' prospects of those broad physipal sciences and technologies in which the 
Bureau of Sfandards I's significantly involved* Science and technology have 
been increasingly a critical factor in the (^velopment of'our world. More 
specifically, tfiis Nation was bom in an age of scientific exploration and ex- 
perimentation. Some of the signers of the Constitution,, who considered 
themselve^s men of science, included Franklin, Madison, Pinckney and Jef- 
ferson. These men looked to the early establishment of a national universi- 
ty and federal societies of the arts and sciences. , 

Over the past 200 years, we as a Nation have participated increasingly 
^, in. the develdpment of the intellectual structure we C4JI science — an 
achi^ement in its own right. By expanding our knowledge of nafiire in this 
way we are, in facl, expanding knowledge of ourselves. Fo^^ the end the 
primary resource for, and the primary be;neficiary of, sciend^pd technofo- 
gy is man himself. • * • 

• Resistance to technological innovatiqn is" certainly 'not a modem 
development. The .early restrictive and nuisance lawjs on horseless car- 
riages^is-a-vis the- horse-drawn variety is but one case in point. However, " 
the pace q{ nnodem technological innovation and the ultimate limits in 
global carrying capacity, which come ever'ctoser 4pon us with each incre- 
ment in production and population, have caused us to look at science and 
technology with new eyes. Some propose retuming to a simpler life with a 
moratorium on science and technology. Others point to the need for^con- 
tinued scientific and techhologic^l growth, biit call for greater understand- 
. ing and assessment of the overall effects and extenf&lized costs of major* 
"new technologicSl deployments. Clearly we are in a period which demands 
much greater statesmanship from the scientific and technological commu- 
ftity. and We at the National Bureau of Standards believe w^ ha^ con- 
tributed much, and have much more to .offer in the future aloAg^is line: 
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However, as practicin^^ientists, we also believe that the scientific que'st'' 
is as gyep t a challen^ as it ever was, and th^t the deep personal satisfac- 
tions which come to the creative scientist still speak as strongly as ever. 

In this light, then, we the National Bureau of Standards are prou*il to 
present this mono^at)h which is both an assessment «and a Celebration of ^. 
science and technology in America. 




Ernest Ambler 

Acting Director, National Bureau of Standards 

• / 



iv 



. CONTENTS 

♦ 

Science and Technolc^ in Ameiica: ' 
A Chronicle and Some Predictions • * 1 

Dr. E^dward Teller 

Lawrence Livermore Laboratory 

* # » 

Quantum Science and Its Impact on Metrolo^ 1 1 

Professor Noilrtan Ramsey 
Harvard University L >*>^ 
• <f ^ 
Materials ^ .23 

Dr. Waikm O. Baker 
iBell Telephone Laboratories 

) ■ ' 

Chemistry— AChanfpng Frontier • 77^ 

Professor Henry Eyring ^ . '/ * . ' 

University of Utah ^ * ^ ' 

. Applied Mathetmatics and Its Future g2 • 

.Professor Garrett Birkhoff . • 

Harvard University 

Computers in Science and Technology 1 05 

Professor "Alan Perlis ' 
Yale University 

TheTechnology of Energy 117 

Dr. Robert C.'Seamans, Jr. 
' Energy Research and Development Administration 

^Thc'FutureRofeof Engineenng . 147 

Dr. Simon Rj^no 
TRWJnc, 



8 



ERLC 





Dr. Kdward Tfllfr is I mvrrstlv l*rolVsv,nr Krncnliis of the rnivcrsily 
of ( alitornid. Xssix idle Direclnr at l.ar*:** Knu'riliis of il^c I.ctWwMicc Livcr- 
riiore I.dhoralorv. imd'Sniior Rt'srarcli F"cll*)W of the HV^over Inslilule on 
)^ ar. Revolution, anil I't-acr of Stanford I nivrrsity. He li\s made pionrrr- 
in^ ('ontril)utions in a wide ran«:r of science im(\ tcclintSlo*:). His Well- 
known work in drvclopnient of tlirrnionuclrar wraponA vvas preceded 
h> earlier fundamental work on tlierrnonuelear reactions. He ^las also made 
* major fundamental 'contnlmhons to tl^ (|uantum tlieory of poiyat(jmic 
niolrcules. and still maintains a contihmn*: uiterest in rTiolecular and 
nuclear physics^ In addition. Dr. Teller lielped develop national pro«:rartis 
to explore metliods. of processrn^ iherrnoniicletir ejier«:y Ijv. means of both 
rna^netn ' confinement and laser teclnncpies. He is a meml>er of the \a- 
iKHial \cademv of Sciences, and tlie (!nmrnismon otr( 'ritical (llloice^ for 
Xmericans.^lie President's Forei;:n lnrelli<:ence' \dvisory Board, and tlie 
Boafd of l)ire(.tors. I rtiversitv of Tel \viv He lias received flie josepli IVi- 
estlv Memorial \wapi. tlic \ll)ert Kinsie'm \ward. tlie F,nrico Fermi 
•\ward, and the Harv>»y iVize of tlie Technion of Haifa. 



er|c 



SCIENCE AND TECHNOLOGY IN AMERICA: 
A CHRONICLE AND SOME PREDICTIONS' 

Seventy -five years ago when the Bureau of Standards was established, 
a very great change occurred, perhaps by coincidence, in the field which I 
will address. Up to that date there was almost no connection between 
science and Hechnology. Even though' technology, of coiyrse, used the 
results of science, a real collaboration existed only as an exception. Today 
we can hardly spesrii about either science or technology without mentioning 
the other. 

I would like briefly to back into the dark ages in America, when 
science and technology still went their separate paths. I want to emphasize 
technology throughout my lecture, even though I came to the United States 
as a pv|re scientist and was converted slowly and painfully to technology. 
Technology in \merica was somelliing very remarkable because it was so 
different ejfn then from technology anywhere else. I would like t(^ ^ 
highlight this by recording a few facts and relating a few stories. 

My first fact is: We are accused today of an indecently high per capita 
consumpiioh of energy in relation to'the rest of the world. In the year 1800, 
when America was an agricultural society, our energy consumption was 
even more out of line than it is now. In 1800 the per capita energy consump* 
lion in the United States was almost as high (I think about 80% as high) as 
it is now in Western Europe. The energy was, of course, mostly derived 
from wood, which was there for the burning; the more. you burned, the 
belter. The other source was hay for the horses and ''horsepower." This 
latter provided one-third of the energy. But energy £ven at that time was 
consumed in the U^niied States much more; copiously than U is today almost 
anywhere in the world. 

i\part from being so rich in energy we have a very peculiar problem in * 
this country: size, and the difficulties which come with physical size. One 
very interesting story of how size has affected* Anierlca is connected witR^ 
the (Governor of New York and the attempt at the be^nning of'the 19th cen/ 
lury to open ^lp the Far West (meaning Buffalo). As Governors of New 
York usually do, DeWitt Clinton established a commissfgn. On that 
commission .''there served a man by the name of Colonel John Stevens, 
who said, "I have heard of a man in England: I think his name4s J^imes 
Walt. He has built a steam engine. In this country, we have had rails in 
mines for a lont time. Could we not put one of James Watt's engines on 
such rails in orcler to get to Buffalo?'' Nobody believed h«n. Quite a few 
years l^er. and three years before Stevenson's **Rocket,*' Colonel John 
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StAens demonstrated the first Jocomotive on his own farm. ^u^^he^New 
York ^^omntissio^ said no. ; " ^ " • 

The commission decided instead on the Erie Caffs^, and the^ proposal , 
went to Washington foK approval The President of the, United States at 
that time said that to dig a canal,- hui^dreds of miles Jong, through .wiK 
_derhess, , was an idea which was premature at least by a century* The 
^f^resident of thei. United States who said that was,- ^krprisingly ei\ough, 
Thomas Jefferson!* ' , ♦ ^ ' . ' 

Whereupon th^Governor of New York went ahead with the cfeinal pro- 
, ject'By means of^-thaR marvelous receht inveijtion of Ad>am 5^mith, private 
enterprise. The bonds were subscribed, the Canal was dug. It was not the 
longest canal m the world — the Chinese had done better afmost 2000 years . 
earlier. The Canal was. finished in the 1820's» quickly paid off all its debts, 
^ and made a profit. But 15 or 20 years later, it was put out of business by 
' competition with the railroad )vhrich had been suggested by John Stevens 
in the first place* . ' - 

These days, when I go to bed, despefate be<^auscf an additional incredi- 
ble blunder has been made in Washinptton^ I like to remember that story. 
In those days, America was not yet industrialized. Still, it had probably 
jff as many steam engines as ^11 of Western Europe. Because of the river- 
boats, and then later the railroads, steam engines were ne^ded'to overcome 
the distance. Another step in the sagi^ directioh was the early use of the 
' telegraph in the U^iited States. It was much mjt)re important here, than in 
Europe where communications over the shorter distances were mucK easi- 
er, " . • , , 

Among many others, there* is a third specific accomplishment of the 
' United States uiat I want to* mention. THi» third accomplishment is tied to 
the name of Eli whitney, and I do not have in mind the cotton gin* Eli Whit * 
ney pioneered the proposition that one could get money out of the Defense 
Department. He got a contract for making guns. Not only did he make that 
breaktKrough, he also failed to deliver in time, overran his budget and still 
continued to get money out of Washington. W^;ien the'earLy predeceesor of 
th^ Pentag^ became impatient with' him, asking him to bring in some 
guns — he arrived in Washington with a sack. When he opened the sack, 
^ there were no guns. Asked,''*Where are the guns?" he said, "These are ten 
gurts; just put them together." In^ the sack were interchangeable parts. 
Apart from some very early attempts ip V^enice, this was a brapd new 
. approach which Eli Whitney made to work only in a halting and ineffective 
i way. But it was a beginning. From ther€, of course, came the bicycles and\ 
the sewing machines and the typewriters, and in the end, even Henry 
Ford*s automobiles. 

> Not only was genius at work in the case of Eli Whitney; of that there 
can be. little question. But there was ^so something else al 
work — something connected with necessity, and a reasonable reaction to 
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a challenge. The industri^il revolution - real industrialization ^came to the 
United States only in the second half of ihe 19th century, e^en a little later 
- than mid-centpry,^The remarkable thinj; is that labor in the Unite'd States 
wa^ then twice as expensive as in England, and in England, in turn, people 
* were better paid than in continental Europe. Yet America managed to com- 
pete. The higher wages were, of qour^e, (|ue to theiact that, anybody could 
go out We.8t and get land. A man in 'America in\lv>se days did not need to 
work for miserable wages. But in spite of tjiose high wages, or because of 
those high wage$, American industry was forced into the path of innova- 
tion. * • ' -» 

, It is more remarkable that in* 1862, in the middle of a disastrous war, 
^ Congress should have taken time to e»t1iblish*the land grant college^ for the 
specific purpose of encouraging the agricultural and Jifiechanical arts. I 
claim that this single act of Congress did fnore than anything else -in the' 
history of thijS country to establish the rau&cle of preseht day America. 

But let m» now turn to the 20th century. You will find there example 
after example of real collaboration between science and technology. The 
twa have b^ome practically one^ IVIy favorite example is flying. Of course, 
the first planes were put together by tinke/er&, extremely ingenious tinker- 
ers, whose experiments were not unrelated to the scientific nrcthod. How- 
ever, very soon, and at first not pritnanly in this country, the more elaborate 
thecjfy of aerodynamics anfi a bejiinjiing of a decent theory of turbulence 
brought science and technology into the closest relationship. The same 
hold^, with a ^tle time delay, for electronics, which was particularly 
strongly based in this- country from the very begirfning. Even today the* 
electronics industry^ is thf only industry -and f(jrgive me for slightly exag- 
gerating- which wHJhundertake a'research job without a certainty that it 
will |!>ay off in three years. * • / 

Another example which I would like to mention is nylon, Wtiich I 
discuss for a peculiar reason. Nylon was developed as a weapon in the bat- 
tle of the sexes. TJKat was the original intention, and theVefore it is rightly 
called a peaceful enterpr^e. But when it succeeded^ the girls got no 
stoc kings, because World War II was on, and all the nylon went into 
parachutes and bomber tires.-I tell this very short story to indicate that 
there is no invention, no new development that is either wholly peaceful or 
wholly warlike. Anything that we learn, anything that can be developed, 
can be used iij a variety of ways. The modern idea that technology is dan- 
gerous may be partly right, but if you want to maintain such a claim you 
must carefully qualify it. 

* * I have not mentioned the Bureau of Standaf^s, and I would like to do 
so now very briefly. andVrom my limited poirtt of view. I came to Washing- 
ton in 193.5, and made many friends here. I came to a ftejv worid, which^ls 
nevjer an easy experience^ but it w^s made very much easier not or^ly by the 
hospitality of Americans, not only because they are, much more tolerant 



toward all kinds of peculiar people, but also because the scientific commu- 
nity was completely open. In that community, on^ never ^ven dreamt of 
any di^inctions except those between good science and something not so 
good. During several fruitful years in Washington, I came often to the Bu- 
reau of Standards (although, of course, not to its present building). I came 
on ce 'every , week because Fred Mohler had kpolloquium which was the 
Washington colloquium. People came from all th^Mirrounidlhg universi-j^ 
ties, the Naval Research Lab, and the Carnegie Institution. 1 tried to con^ 
tribute, both by Helping to incite speakers, and by being leg^mncom- 
pletely restrained in asking questions. I felt that I bad a cJ^^^H|^Bl^i*''~ 
pate, through the Bureau* of Standards' colloquium, in thflj^HBnff^rk 
of the Washington community. N^' 

I was asked in the recent past the question, how were the administra- 
tive problems of the Bureau of Standards atrthat time. And I confess jhat I 
knew absolut«y nothing about them. Neither I nor anyon^ with whom I 
talked in thosc\Jay» mentioned bureaucratic problems. Big sconce had not 
yet been born, a"«La^ ^hat time I was a pure scientist, fully enjoying the im- 
mense intellectual stimulation that this gave to all of us. 

Then, of c^urie, c§me the Second World War. And again I would iik^ 
to tell a shopt^tfbry because it is connected with the Bureau of Standaros. ^ 
One niy crazy friends, another Hungarian, Leo Szila^rd, wrote a letter 
about the possibility of a nuclfear bombJcMTbe signed by Albert Einstej^j^/,'' 
The letter was addressed ta Pr^siifcent R^B^velt. It arrived 6n Roosevek's 
desk two or three months later, andlie called the Director of the Bureau of 
Sl^j»d'ards,.I>r. Briggs, about it. Dr. Rriggs held a meeting to explore the 
question, to which I was invited. That A«iaS th^ be^nninji of scientific bu- 
reaiiei^acy. I will^peak about only one^fepecf of this meeting because I have 
beea-jid^^n credit or blame for one of its results in a maitner whi^h is not 
'quite justined. One of my friends who was also invited was^ nrico Fermi. * 
Fermi was at CoKimbia University, and he'said he would n<^f come to the 
meeting. Since I was his friend, I was sent up ta New York with instruc- 
li^)ijisjo "Bring Fecmi.y I talked with him, and Enrico just wouldn't come^. 
ye had talked about the possibility of atomid energy to the Navy previ- 
'ously, and they had thrown him out, so he had had enough of such non- 
sense. I trie(J tu argue, but Fermi was a pretty stubborn individual. Fn^the 
e^nd he Ibid, "Edward, look, I can ^11 you what I would say if 1 WenJ. You 
tell it for me. I don't need t(t go." And that's how it fiappened. , ^ 

Aftei^ some, prelirpinaries at the meeting, a controversy developed 
between Szilard, who believed in nuclear bombs,' and a colonel from 
Aberdeen who didh't. It waslhen my turn, atvi I very^properly said, "I am 
only here to represent Fermi, and we want l/ go ah^ad; we kaow l^w to go 
ahead. We must first build a reactor, and in./)rder to slow dowa the 
neutrons, we need graphite. But we need purjf graphite, and pure graphite 
is not available. Therefore, we need a budget for the first year of $6000." 



Well, Szilard almost murdered me on the spot, because $6000 is what we 
got for the first year. This wa3 the start of Scientific Bureaucracy and 
of Big Science. 

I will not continue the story of atomic energy because that is history, 
even if much of it is secret. ApyHrom atomic energy *I certainly should 
mention the field of computer^ Wnd the exploration of space. Computers 
are machines which can do anything that the human br&in can do provided 
only that we understand in real mathematical terms what the human brain 
does. They represent a tremendous opportunity not only in a practical 
sense, but also because we ^an through them imitate what the human brain 
idoes and in the end understand our own brain a little better. About spa^e 
exploration, I want to be quit^ brief. We made a s^ndid start and then 
we stopped. However, I am very sure thit we did. not stop for good. 

At this point I have to mention a. very terrible thing. Starting with 
Hiroshima fand I have clear and detailed evidence throughout the year^ 
<hal it started with Hiroshima), technology in the iJnited States fell into 
disrepute. Some of aiir young people say technology is irrelevant. They did 
not invent this absurd statement. TIjr professors invented it. I was present 
when a group in 1947 or 1948 gave advice to the Ford Foundation not to 
bother witl^technology or anything like it — not even with science. Concen- 
trate, tt)gf&aid, instead on the social applications. TRat recom^ndatlon 
came^om scientists. The young people learned it, and they started to hold 
in contempt not^only technology, but in the end also science itself. As a 
direct conseqlience, 1970 or 1971 was the first year whten the United States 
imported nlore manufactured goods than it exported. People blame it on 
high wages. The wages, relatively speaking, were even* higher at the very 
beginning of American technology. 'But^high wages can be paid if there is 
innovation. And it is on thisyfronf of innovation where we are lacking. 
Today the university departm^nH^qf engineering have a low "staiY^ng 
in academic counsels. It is a fact that institutes of technology, instead 
of taking pride in themselves, ivery frequently begin to call' themselves 
' universities. All of us in the scientific and technical community bear 
a great resjponsibility to be ever mindful of that essential relationship 
between technical innovation and ultimate economic well-being. I believe 
that one of the centers that has remained strong and vigorous throughout 
the years in the united field of science and techn<:)logy is this Bureau of 
Standards. 

I turn now to some predictions. What is next in science and tethni^o- 
gy? I am told that one shouldn't make predictions^ particularly not abodt 
the future, but I prefer to live dangerously. 

One of^he predictions I make is that we must address the energy/ri- 
sis in a substantive technological y^. But we do not. I shall mention sonTe 
details showing why we do not. The first point has to do with the time scale 
of research pay-off Industry is doing a lot of good research that will pay off 
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in the next three years. 6;c/vernment agencies usually concentrate on pro- 
jects that will bear fruit in 15 to 20 years. Between the two lies a n^) man's 
land. The p roble ms of energy cannoH»e solved in three years, but they can 
be solved in lOJJnfortunately, nobody is addressing the relevant technical 
issues in this 10-year thne period. I am much concenipd about this subject, 
because this is one of the really t^erribly important fields on which our 
^ strength and maybe even our national existence may uhimately depend. 

I phall make a few specific remarks about the technoftigy of energy, 
. beginning with a little remark about fossil fuels. The most popular idea 
i'dnd in a way it's rightly popular)^o gasify, liquefy and pufTfy o^r abun- 
dant coal. ERDA submitted a marvelous program- $6 billion (for pilot 
plants which are copies of what was done in 1940. Fortunately il^as de- 
feated in the House of Representatives. There a^re twoTnuch better^possi- 
bilities. First, is the use of modern technology for operating gasification 
processes at very high temperatures. New materials are either now availa- 
ble or could be made available which can withstand these high tempera- 
tures. The second possibility is underground coal gasification and in situ 
/ conversion of oil shale into oil. These vital possibilities-receive little rften- 
tion. 

Another point, even more important,^ conservation. We have been 
spendthrifts for 200 years. I have a theorent for which I should ge^tbe 
Nobel prize. The theorem h that of all matter known to man the one with 
the highest inertia is the human brain; with one exception only, the collec- 
tive human brains of the whole nation. If we have been spendthrifts for 200 
years — then to break the habit is not easy. In industry as a whole, we don't 
know by ^at specific tricks we c^n-save energy. Incidentally, the Bureau 
of Standards has done a small bift marvelous job on better insulation for 
buildings, particularly of mobile honl^s. . ^ 

Solar energy. We speak about the extensive use of solar electricity 
. which is currently 10 times as expensive as electricity from other sources, 
and which wiy require lar^^ scale land use (which the environnrjentalists 
will oppose strenuously the moment we begin to introduce it). But we know 
today how to tase solar energy to produce domestic hot water, and we know 
haw to use solar energy to raise steam foVprocess heat. In these jfields^ 
have barely started. ^ 

/Kni last, but not least, I speak of nuclear energyrtJur main effort goes 
into the fast breeder reactor, and spejj^cally intoliuilding 4 fast breeder on 
the Clinch River. That breed^|:;<<B obsole^ leven before the ground is 
broken. It is supposgj^tMiielff2 billion and eventually it will cost $5 billion 
irt the best traSSionof Eli ^^hitney. But I do not tttink it has much else in 
common jvithjlli Whitney. There are plenty oiF other possibilities in nuclear 
reactors^ There is the matter of the thorium cycle which is much easier to 
work with. In that case, wetjust have to produce heavy water. ERDA may 
begin to move in that direction. I would be happy about that. 
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But the main problem is that propaganda for a nuclear shutdown is 
' gatheii/ig force^^Of course, we, have an absolutely perfect he^th afnd safety 
recoiri with inpustHal ayclear reaetors, The trouble is in the minds of the 
X^ritic^. The trouble is hi the minds of 2000 scientists (^r people who call 
themSt^Ws ^> but most of whom have nevei- heard ally details of nuclear 
reactors) whb protest. These protests ha've come to a head or the'Sth of 
June^ 1^76 Ip a <!lalifornia vote, and the issue will also come up in other 
states/ Waslhington cannot, 4>e blamed for that,.but it can be blamed for not , 
doing smni^lhing to help. We have excellent methods to dispose of wastes. ^ 
Ho¥/ever,/k decision must be made. I am reminded of Biiridah's ass. who 
starved t^^cteath between two equidistant and equally desirable stacks of 
hay* We^av^ in the nCclear waste field at least four Solutions, all excellent, 
bufrVe/also ha^e four^bureaucracies to'^make the decision: NRC, ERDA, 
EPA wid pEQ. These agencies are coupled together, ^d they'must all 
g(/ur unis^ t© e^e solution. 

r Unl^e my old days in Washington I seem to be drifUnginto admini^ 
frfttive problems. J do not wish to finish on that note. / , 

^ Th^e are at least twatfenjuendoiis tasks ahead of usNvhich are scien- 
tific, and technological in the best tradition^ of those words. One'l^sk is to 
uiid^stand the 'atmosphere, to predict the weather^and in the end to modi- 
fy it. I believe, it will])e possible. It should^>e done in the United ^.lates. . 
Considering our present antiscientifie orientation, it ma^Hj^^done first in 
Russia. Howfeve^,'! must warn you that if we succeed in modifying the 
, weather, spmething very remarkable will have happenejd. We will have lost 
- ovrr one safe t^pic *of conversation.' • ' 

/ The slecand big fksk is to raai^e use of the oceans for oil, for manganese 
. nodgles, and more than anything else, for the production of food. / * 

The historic importance of technology today is that it li spreading 
acrctss the face of the world, and this spread is inexorable. Some 'people will 

• always predict the end of itie human race. This is nonsense. However, what 
is certain is that in alew decades the whole world wjll in some jSense be 

• technological. And this chanige, coijiin^? as suddenly as it wilf, in nfany * 
cases to primitive peoples, m^y bring in its wake a mim|)er of catastrophe^. 

V,THereisno«ofter Ml^rdforit. , v ' . 

, The first Wa\e of <his worldwide spread of the injdustrial revolution 
was in nKC(iicifie. It was a very praiseworthy and most successful attempt 

' to ^aye the lives of inf4nts. As^ a result we now have a population explosign 
three times as* rapid (in^exponefitial growtft) as was the Eurc^oeah popula- 
tion explosion of the 19th century. In the year 2000 we will nave a world 
population very close to- 7 billion people rather than the 4 billion we have 
now. I do not-^advocate the preaching of birth control. People -will come to 
that on their own account. But no matter what we do about b^/tb control, 
the p^y^e dn ^rth in the year 2000 cannot be fed unless^ the old traditions 
of the land grant colleges are exploited worldwide, and unless l)v^ oceans. 
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which to.day'contribute only some 7 percent oj the world's food supply, are 
thorou^Iy used in every possiye way. 

T-he big problem in the world today is erterjjy. Our big problem for the 
next few decades will unavoidably be food, \njijhai is why the study and 
exploitation of the ocean is something, that desjerves particularly great 
emphasis. 'None of these important things, important for a smooth transi- 
tion into a decent future for alPhumanity, can happen without science and 
technology. It is thus essential for Us to win -the battle for science and 
technology if America is to have a ttird century 
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QUANTUM SCIENCE AND.ITS IMPACT ON METROLOGY 



Introduction 

-y^s senes of lectures celebrates both the 200th anniversary of the 
Unieij^States and the 75th aiiniversary of the National Bureaq of Sta^n- 
dards,|However^ in view of my subject, 1 should call attention to the fact 
4hat we are also celebrating the 75th anniversary ^f quantum sSence. In' 
his great 1901 paper on blaekbody radiation. Max Planck introduced the* 
very first quantum ideas and the now famous Planck constant']^/ It is ap- 
^propriate indeed that the National Bureau of Standards and'quantum 
science should have started ii^ the same year since that institution and^hat 
science have each h^d great impact on metrology^ the science of accurate 
measurement. 

^uring the*75 years of its existence quantum mechanics has become 
the basis of out interpretation of the pKysical properties of all normal 
matter Even classical mechanics achieves its validity onl^ insofar as it pro- 
vides a satisfactory approximation to the 4)roper quantum mechanical 
description. From this point of view quantum science impacts all measure* 
m^ts ^nd my assigned ,topic of Quantum Scier^ce and Its Impact on 
Metrology becomes so all-encompassing that it virtually disappears. 

However, it is possible^ to identify certain characteristic features of 
quantum mechanics that have profound im^)lications bp the science of 
measurement and to concentrate attention on these characteristics. This 
is'the procedure I shall follow but I must emphasize that ashoxt list of such 
features is necessarily arbitrary and incompfete. ^ 



'Characteristic Quantum Features 
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Four qijantum feaTures with profound effects on the sc^ience of mea- 
surement as listed in figure 1 are: 

1. Discrete quantum states ' * * , 

' 2. Identity principle 

3. "^leisenberg uncertainty principle 

4. Wave and coherent phase phenomena • ^ . 

A quantum mechanical system can exist in certain, s|^jt?iflc energy 
states W I. W^...Wn and in many cases these energy sitates are discrete. 
When such a system makes a fransition between one such discrete state 

,11 , 
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< CHARACTERISTIC QUANTUM FEATURES 
y OlSCREiE QUANTUM STATES 
2. ."IDENTITY PRIfJCIPLE 

3. HEISENBER6 UNCERTAINTY PRINCIPLE 

4. WAVE AND COHERENT PHASE PHENOMENA 

f . . - ' 
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^0* ^1/26 «2.07 « 10*'^ Wb hy«2eV 

484MHz//iV 

Figure 1. Characteristic quajj^m features. 

; _ - 
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an^d another, energy is^conserveC^. For example, i( a photon of enei'gy hv '\9> 
emitted in such a transition « , , ^ 

hP=Wn-wr • (1) 

where h id Planck's constant and v is the frequency of the emitted ra(lia- 
tion. The existence of &uch discrete frequencies permits a<;curate measure-, 
ments aqd accurate frequency standm^ds that simply wouldnotW possible 
if the alioweij frequencies had^the continuous distribution that charac- 
terizes a classical system. 

The meaning of id^tity of two particles in quantum mechanics is far 
more profound than tKo norm^ meaning of' the word identical. I am the 
father of identical twijv daughters, and indeed they are femarkably alike. 
NevertfaeleM, whep^ime speaks of two protons or two hydrj^^^en atoms as 
bein^ identical imich more is meant. For example, one can test the identity 
p{ two particles by.scattering one ft»*n another in which case ihe^e is a 
marked difference in the observable^cat^erink if th^ ptcftic^s are truly 
identical instead of being almost identical. The i<fentity principle has a 
profound effect on the science of measurement. It provide;!, for example, 
assurance that the frequency of *a cesium atomic beam frequency standard 
will be' independent of. whether the cesium comes from Britain or the 
United States. The identity principle also a4ds much tq the significance 
and universality of accamte phymcal measurements. With the quantum as^ 
surance that all closely similar ^toms are indeed identical, a scientist mea- 
suring aa/atomi^' property on the earth knows that the result of his m^a- 
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8uremeiU-^»tH4w nppKrnhle to a.iSjaeiTjisi..^m-tkrsjn<^ as well. This con- 
se^fuence of the identity principle is in sharp contrasf to ^eolo^y; an accu- 
rate geological measurement on the earth does Uttl^tj determine the geolo- 
gy o^^fanfIOom- Th^ 8 d i ffe re nce in tfa e. fyftrsrfences is due to the lack of an 
identity principle in geology. » 

A guiding principle in the early development of quantum mechanics 
was the Heisenberg uncertainty principle which correctly emphasizes cer- 
tain quantum limitations on ^ecision measurements. For example, if the 
energy of a systenvis nrreasured to an accuracy AJT tbfen there must be 
an ur^certainty A/ as to the length of time it is in the energy state^. where 

. \W\t^hj^7T (2) 

Although the uncertainty principle indeed limits the accuracy \o which two 
cornpfementary variables can be measured, Planckls constant h is fortM- 
nately small compared to fhacroscopic angular momenta, so remarkably ac- 
curate measurements ca^he made. The world of precision measurement 
woi^ld be far different if h were 6.6 jjinstead of 6.6 X 10"^* J (the world it- 
self would, of course, also be far different in that C£tse). 

The limitations of the Heisenberg unceAainty principle are further 
' diminished by^theic-applying to a single measurement on a single system. 
If N (Jifferent systems are measured, the uncertainty in 'principle is 
reduced by^A^. For example, within less than 10 seconds we can easily de- 
tect a shift of one part in 10'* in^a 10** FJz hydrogen maser oscillatrfr even 
though the Heisenberg uncertainty limit is 0.1 Hz or one part in 10*^ The 
reason we can do so much better is that within the 10 seconds we are mak- 
ing measurements on Id^*^ atoms so the effective Heisenberg uncertainty 
limit in principle is 3 X 10^ lower than that for a single atom. 

The wav^ nature of the quantum mechanical state function and the 
possibilities of coherent effects with such coherent ^aves provide many 
different deyices for precision measurements including interferometers, 
masers and lasers. Furthermore, the energy gap that results from electron 
pairing in superconductors provides coherency effects on a macroscopic 
scale. The coherent waves of electron pairs, for example, gi^e rise to the re- 
markable phenomenon of zero elecfrical resistance in a superconductor. 
As a further consequence o(j such coherency On a macroscopic sc£f|e, the 
magnetic flu^c enclosed by a superconducting ring must* be limited to an in- 
tegral multiple of the flu3c quantum 

<^ = /i/2^ = 2.07xlO "^(Pi. . (3) 

The same coherency on a macroscopic scale gives.rise to the remarka- 
ble Josephson effects when a thin barrier, through which the electron pairs 
can quantum mechanicall^^unnel. is placed between two supercimductors. 
lf,Tor example, there is a voltage V across such a Josephson junction the 
electron pairs will change energy by 2'e\^ in crossing the junction and the 
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current through jur>ction will be accompanied by an oscillatory current 
whose frequency satisfies the,i!isua] quantum relation of eq^(l) so 

f > ' ' ^ hv = 2e\ ^ (4) 

jAs far^as is known at present this relation is exact and permits accuratfC 
measurements of voltages in terms of frequencies. The factor relating 
frequency to voltage is approXSnv^tely 484 megahertz per microvolt. 

If we now look back at the four characteristic quantum features we see 
A«t only one — the Heisenberg uncertainty principle — provides a limitation 
to the accuracy of measurement and that this limitation in most instances 
is so low as not to be serious. The other three characteristic^ give^univer- 
sality and significance to accurate measurement^ or else permit new high 
precision quantum measuring techniques. As- a result in our quantum 
worfd, we can make meaningful measurement^ that are orders of mag- 
nitude more accurate than woulcF be possible in a purely classical world. 
This was vividly brought to my afiention by my difficulty in having a slide 
made on a recent visit to England The slide of c^incern is shown in figure 
2. For the present purpose we need not concern ourselves with the content 
of the slide — it lists some properties of atomic hydrogen that have been'ac- 
curately measured v^ilh hydrogen masers developed at our laboratory. The 
engineer at Oxford wiio was asked to prepare tlie slide at first refused on 
the grounds that he hadl>.een traified as an engineer and from the point of 
view of an engineer it was utterly meaningless to express any physical 
number with such ridiculously high a*ccuracy- From the point of ^iew of a 

ATOMIC ^H,^D, and '^T , 

' Ai'H' 1,420,405, 751. 7680 ^ 0.0015' Hz 

Ai^O- 1, 327,384,352.5222 ± 0.0017 Hz 

. Ai'T* 1, 516,701,470.7919 i 0*0071 Hz 

^ • ^ Mp' 0.00152103221 (2) 
Bohr magnetons ' 

' /ij(H)/-/ij(D} *" 1.90000000722 {10> 
. /*j (H)//ij(T) » 1.00000001 07^(20) 

Figure Z, Hypcrfinc separations, proton /RagneWc moment and atomic moment ratios of 
atomic hydro^n. deuterium and tritiu4n. " ^ ^ 
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classical engineer he was quite rijihl. To expr^?ss the height of the Washing- 
ton Monument to an accuracy oT. one part in would be utterly 
meaningless -its height can't even be defined to tljat accuracy and^ven if 
it could it would change by much more than that afnou^ from second to 
second as it blew in the wind and'underwent thermal expansion and con- 
traction. However, in a quantized world such accurate measurements are 
both meaningful and possible. • % 



Applications to Measiireme^ts* 

Now thai we have discusseq the aspects of quantum science that have 
the p'eatesljm pact on measureriient, I would like to conclude my lecture 
with a few illustrations of the way these quantum characteri^ics can be 
Utilized in accurate measurements. For the reasons discussed earlier ,^ap- 
plications occur in almost all fields of measurement. For example, one of 
the earliest s\ich applications was to the use of int^erometers in the mea- 
surement of length and in the definition of the unit of length in terms of the 
waveIength»of the ra'diation emitted when a krypton atom makes a transi- 
tion betweg^ two of its quantized states. Some'of the other applications are 
listed mfigure 3. 

However, to avoid an endless list of precisioa measurement 
techniques, I shall limit further discussion of the illustrations to just two of 
the fields: (a) Measur^ent of time and frequency and (b) Measurements 
dependent on the raacroscopic coherent quantum phenomena of supercon- 
ductivity. ^ 4 



APPLICATIONS 



LENGTH 

SPEED bF LIGHT 
MAGNETIC FIELD 
X-RAY INT^RFEROMETRY 
RYDBERG CONSTANT 
PARTICLE MAGNETIC MOMENTS 

Figure .3. Mea^uremrnts affrcted by quantum §rienrr 



AVOGADROS CONSTANT 

THERMOMETRY , 

FINE AND HYPERFINE STRUCTURE 

TIME AND FRE(JlENCY 

SUPERCONDUCTIVITY AND 
JOSEPHSON EFFECTS 
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Time and Frequency . t,^ ^ 

The fundamental unit of proij/er time and frequency is now defined 4i| 
^erms of the frequency emitted in accordance with eq (Ij when an atom of 
cesium in an atomic beam makes a transition from one designated quan- 
tum state to another with the states being such that in one the electron spin 
and magnetic moment are parallel to the nuclear spin while in the other 
they are oppositely oriented. With such a cesium atomic beam standard, 
the Boulder Laboratory of the National Bureau of Standards and other 
laboratories defme and measure time and frequency to ar\ accuracy of a 
few parts hi 10*^. In contrast, a few decades ago, the unit of time was 
defmed in. terms of the motion of the earth around the sun, whicli fluctu- 
ated from year to year by more than one part in lOT 

For measurements requiring great stability, the hydrogen maser is 
often used. Like the cesium beam tube, the hydrogen maser frequency de- 
pends on transitions between two designated quantized atomic states but 
in addition xhe maser measurement of the frequency depends on quantum 
mechanical coherency effects and in particular on the coherent stimulated 
emission of the radiation emitted in the transition. 

AhKough high precisiofl quantum measurements of time and frequen- 
cy have been used for a number of years the field is still a very active one 
with a diversity of new ideas both for achieving increased precision and for 
extending the range of frequencies which can be measured with high preci- 
sion. Some of the .present and prospective devices for frequency and time 
s^ndards are listed in figure 4. Almost all of these devices depend on mea- 
surenfents of relatively isolated atom§^r molecules. Consequently, the 
* atoms or molecules are in thermal motion, and are subject to both first order 
and second order Doppler shifts. Th^se^^ond order Doppler shift is just the 
time dilation of a moving clock in special relativity (the often discussed 
phenomerton- that a rapidly moving clock runs slow) and is proportional to* 
(vlc)^ ^ 10»\ This is sufficiently small that many current frequency stan- 
dards do not eliminate the shift but merely provide means for estimating 
the magnitude of the correction. On the other hand, the first order Doppler 
shift — tlie familiar increase in the frequency received from an approaching 
radiation source — is proportional to i;/c^,3xl0~^ so any competitive 
frequency standard must provide a means for eliminating the firs^t order 
Doppler shift. Consequently, th6 essential features of the different 
frequency standards can most simply be given by describing the way that 
each one eliminates both frequency shifts and resonance broadening from 
fifst order Doppler shifts. 

In the cesium and molecular beam devices the first order Doppler shift 
is eliminated by the use of two separated oscillatory fields of coherent 
radiation of the same phase. In the hydrogen maser; the first order Doppler 
shift is eliminated by confining the hydrogen atoms to a small volume 
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FIRST ORDER OOPPLER . 
SECOND OROEf^ DOPPLEp 
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Cesiuni Beom 
Moleculo'r Beom 
Hydrogen Moser 
Trapped Jon Spectroscof^ 
Loser Soturoted Moltculor Absorption 
Double Resoponce Spectroscopy 
* Two Photon Spectroscopy 
Supfcrcwducting Covities ^ 
Loser Resonance Cooling 

Figure 4. Experimental methokifl applicable to tiioe^ind frequency measurements. 




jrhich is traversed mariy times during the radiation process of -each atom so* 
tfi^e velocity averages to zero. In trapped ion spectroscopy, jhe first order 
Doppler shift is eliminated for the same reason. With laser saturated 
moiecular absorption devices, laser light is passed in opposite directions 
thro^ijgh, say, a CH4 absorption cell and there is a minimum of the absorp- 
tion at a frequency corresponding to no l!)oppler.smft since the stationary 
qnolecules absorbing at that frequency absorb the light from both directions 
equally well and hence are more readily saturated^han are the moving 
molecules wliich respond at most to the light front a sTingle direction. 
Similarly, both double resonai^e spectroscopy and twoyphoton spectrosco- 
py require the absorption of two photons and, if thesephotons come from 
the opposite directions, the Doppler shifts would prevent simultaneous ab-, 
sorption of both photons except for the absorption by molecules for which 
the Doppler shifts are zero, i.e. for molecules with a negifgibly small com- 
ponent of velocity along the direction of propagation oflhe radiation. A 
carefully designed, superconducting tuned cavity has high\frequency sta- 
bility for periods of time up to 1000 seconds and of course n)^ Doppler shift 
since its active element is stationary. Although such a device is not suitable 
as an absolute time standard; it is of value when a powerful oscillatory 
signal is required with high stabiHty over relatively short inteiVals of time. 

The active ^opistituents of most potential frequency standards are 
relatively free atoms, molecules or ions and even if the first ,orcter Doppler 
shift is eliminated there may remain the above second order Doppler shifts 
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^ of magnitude 10" If progress is to be made much beyond the present 
10"*^ accuracy, means must be found for reducing the magnitude of the*- 
second order Doppler shift. Eyen the devices which eHminate the first 
order Doppler shift by being insensitive to mQlecules with a nonvanishin^ 
longitudinal velocity component are subject' to second order Doppler shifts 
from the transverse velocity components unless special steps are taken to 
eliminate the transverse components,^ say by the use of a well-defined 
atomic, beam, which greatly diminishes the intensity. A new possible 
technique for reducin*: the magnitudes of the velocities has been proposed 
by S(^ja"wl(^w and Hansch and by Fortson and Dehnielt but^ the proposals 
are so far uritested. The basic idea is to cool, say, atoms by shminji; on them 
light who^ frequency is slightly below an allowed absorption frequency by 
an amount such that absorption occurs only through the first order Doppler 
shift of the approachinj: aton]. However, when the excited atom spontane- 
ously radiates the radiation wilt be emitted in all directiyifs and con- 
sequently, on the average, the radiation will be of higher energy than the 
absorbed li^^ht and this additional energy must come from the kineticvener- 
. gy of the atom. In this fashion atoms, molecules or trapped ions can he 
* cooled by many successive absorptions and reemissionsl It wifl be of freat^ 
interest during the coming years to see if these techniques Tor reducing,the ' 
second order Doppler shift are successful and to s^e ij they lead to a 
marked Ir^^rease in the accuracy of clocks arid frequency standards. \ > 



\ Superconciuclivity and J osephson Effects 

V Th^ last category of quantum phenomena with a great impact on mea- 
surement is that associated -with the macroscopic coherent quantum 
phenomena of superconductivity. Some applications arise directly from the 
zero resistance characteristic of supefcondu^'tivityl An illustrati^h of this 
was the previously discussed use ^*>f superconducting tuned cavities in 
frequ^m^y measurements^ Another ^p|>lication is the use of superconduc- 
tors as magnetic shields where the majinetic flu^^uantization with super- 
conductorsj discussed above, makes it possible to provide a perfect mag- 
netic shield. ' 

However, the most spectacular apftlications clfe^acroscopic coherent 
qffSntum effects to ac'curate measurements have be^^Ji with the previc^usly 
* mentioned Josephson junctions that result fr.om sepafvating two supercon- 
ductors by a thin barrier through which electron pair^can tunnel. Such a 
Josephson junction is shown schematically in fijigre 5.\peveral interj^tjng 
^effects occur at such junctions. One of these, known as^e^Slc. Josepnson 
effect, is the passage r)f low currents through the junction with the potential 
Y across the junction remajnin^ at K = 0. However, as digf ussed earlier, for 
currents higher than a critical current /r. a voltage difference V appears 
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Barrier 
nhfegeV 

figure 5. Josephson junction and jo8<;|iKson effects. 




acr()ss the junction but the passage of electron pairs between opposite 
sides of the barrier with a 2 eV change in energy is accompanied t>y an 

, oscillatory current (a.c. Josephson effect) ^hose frequency satisfies the 
usual quantum relation of eq (1) or eq (4) jbove. Finally, if microwaves of 
frequency /are coupled to a Jct^ephson junctiMO* the current -voltage curve 
is modified by the appearance of steps as In figure 5. The steps correspond 

, to the stimulated emission or absorption of n quanta oj^nergy A/ by the 
strong mi(:row^ve signal in the nonlinear J osephson junction while electron 
lAdi^t^ress'the barrier with ari energy difference of 2 eV. Consequently at 

' edctistep 

nhf^2e\Wn\ . (5) 

Accurate measurements of the frequencies and ass(^ciated voltage^steps in 
i^q (^) have provided an excellent determination of the fundamental quanti- 
ty 2elh. When this result is combined with other known measurements, it 
provides an accurate value f(tr the fundamental dimensionless fme struc-^ 
ture constant a = e^/Ac. Inversely the Josephson effect and eq (5) can be 
tised to measure &.c. voltage and provide an-^xcellent basis for a definition 
of thAolt. 

' * V The vx)ltage td"ffequency conversion provided by the Josephson effect 
tbroujfh eq (5) makes possible low temperature thermometry by accurate 
measurements of the thermal noise generated by a resi^or, r, which acW as 
the thermometer. 

The Josephson effect can also be cofnbined with the. previously 
discussed phenomenon of flux quantization. This can be done by forming 
a superconducting loop with one or two Josephson Junctions included in the 
circuit as in figure 6. Such a device is called a SQUID (Sup^conducting 
Quantum Interference Device). The phase of the superconducting state 
changes aro6nd the loop by an amount pjjpportional to the magnetic flux 
linking the loop and various measurable quan^ties become periodic in the' 



27 




magnetic flux 4> with the penod being the flux quantum <^ = A/2e of the 
previous eq (3). For example, in the d.c. SQUID on the left side of figure 6, 
the critical current Ic changes periodically with 4> as shown in that figure. 
Likewise, the voltage across one of the Josephson junctions in the d.c. 
SQUID is periodic in 0. Alternatively^, in the rf SQUID shown on the right 
side of figure 6, the ring is coupled to an LC resonant circiiit to which an rf 
current I'osinoal is applied. The amplitude, Fo, of the voltage across the reso- 
nant circuit is then a periodic function of the flux applied to the SQUID 
with the period being the flux quantum <^ The SQUID can be used in 
several ways to measure magnetic flux. One is to lock on a sharp minimum 
and feed back a known current in a loop to keep the flux constant, in which 
case the SQUID is a null detector in *a feedback system. In this way 
^ SQUIDs have been effectively exploited to measure magnetic fieUb and to 
compare direct currents. SQWDs have also been used effectively in ther- 
mometry and in the measurement of radiofrequency currents. 

y , * 

I Conelufion ^ 

The science of measurement has undergone a major revolution in the 
^ past 75 years. This has largely been due to the exploitafion of the various 
quantum effects which make such precise measurements both passible 
and meaningful. T^he magnitude of advances can. best be illualrated by 




comparing a few of the values of the fundamental constants as listed in 
Birge's 1929 tables and those of the CODATA evaldation of 1973 as brought 
up to date in 1975. In this comparison I could not ^o back to 1901 since two 
of»lhe quantities a and were unknown at that time While and N s 
^cre in error by 300 percent. The precision ol these measurements has in- 
creased by a factor of 3000 in lei^s than 50 years. Although many diffe/eni 
technical advances and much hard work have contributed to the increased 
precision, it is clear that most of theTJmgress has been the reSiull of new 
quantun^ techniques (fig. Z). 
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We thus see that the precision of basic measurements has increased 
mor^ than a thousandfold during the past half-century. This progress in the 
science of measurement owes much to the existence of the National Bu- 
reau of Standards and to quantum science, each of which had its indepen- 
dent beginning a mere 7S years ago. It will be a formidable taslc for 
scientists to match these achievements durinf^the next three-qjiarters of a 
century. B|| 



\ Dr. William 0. . Baker is President of Bell Laboratories. His science 
and technology work since 1939 has been on materials basic to telecom- 
munications>^d electronics, with emphasis on the solid state properties 
of dielectrics and polymers. He ^Iso did pioneering work leading to the 
development of heat shields, for missiles and satellites and the present 
Use of polymer carbon composite^^r. Baker has served in the last five 
Admip*^fr3liqns in Washington . in assignments linking Federal and 
independent science and teqhnology activities. He is a member of the 
National Academy of Sciences, the National Academy of Engineering, 
the Institute bf Medicine, and the American Philosophical Society. Dr. 
: Baker was chairman of the President's Advisory Group 6n Anticipated 
Advances in Science and Technology and is Vice Chairman of the Pres- 
ident's Committee on Science and Technology, a member of the National 
Cancer Acj|i«ory Board, ahd the Board of Higher Education of New 
Jersey. He is a past member of the National Council of -Educational 
Research, the National C ommission on Libraries and Information Science, 
and the National Science Board of the NSF,, as well as a rdember of the 
President's Science Advisory Committee. He is trustee of Princeton, 
Canjegie-Vkllon and Rockefeller Universities. He holds the Perkin 
Modal of the Society of Chemical Industry and the Priestley Medal of thfc 
Amepcan Chemical Society. He is the recipient of the Industrial Research 
Man of th e Year Award, the Procter Prize, the Fr|;derik Philips Award, 
American nHHWfte of Chemi^s Gold Medal, the Edgar Marburg Medal 
(ASTM), and the ACS Charles I/athrop Parsons Award. , ' 

, ^ 22 



MATERIALS 



Introduction 



' honored to join in, this series of meetings assessing the current 
state and future of science and technology in America on the occasion of 
the 75th Annivj^rsary of on^ of the great scientific-technological institutions 
of our i'lmt. Although the admiration and respect of the national communi- 
ty of scienti9t9 and engineers for Ihe National Bureau of Standards are 
widespread, they are especially strong in those of us who have come to 
know the I^S and its people intimately through years of collaboration in^ 
federal programs^ . 

In my case, ihh began in the World War II years when my late as- 
sociate^Dr. R. R. Williams, was designated to organize the U.S. research 
and development capability for synthetic rubber — one of the forerunners of 
the synthetic materials that now figure so prominently in our national life. 
The NBS Associate Director Dr. A. T. McPherson, Dr. L. Wood and others 
responded superbly to t|iie task of helping to create a new materials indm- 
txy and national capability. In this 36th year of-upbroken affiliation with the 
staff ^nd leadership of the NBS, I Can report dkectly the. unclouded record 
of integrity and excellence which that organization has provi^d in its na- 
tional service. ' " / 
During this span, it has be^ my privilege to see and have some part ia * 
the steadily (growing resources of the NBS and its evolving structure, in- 
cluding particularl^ipr our subject this morning the Institute for Materials ' 
Research. This section has properly caught the dynamic qualities o{ 
discovery and application of materials, which have been among the 
vigorous frontiers of the mid-20th century. Thus, in reviewing briefly some 
principal currents of thought and action in that Held, we are also saluting 
the ?5th Anniversary of tH'e study of materials in the NBS, especially as 
symbolized by the spirited work of the present Institute for Materials 
Research and its Director, Dr. J. Hoffman. 

Reirnlarity atod ImpcrCection in Natural Materials 

MoSt of the matter comprising our planH solidifies as crystals, whose 
idealized forms are shown in figure 1. Interestingly^ the major portion of 
textured matter has come from'life processes, such as the oriented cellu- 
lose components in plants, the collagen in animals, the chitin injnsects. 
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and the yfeU-known keratins of silk fibers and the like. Crf course, asbestos 
add similar mineral systems show some texturing as well. 

One is charmed by the elegant regularity of atomic and molecule ar- 
rays in crystals, ^fhat a ma^ficent discipline d^ms to occur in nature, 
otherwise noted for its variety and disarray! But, although figure 2 in- 
dicates the atom's relatively frenzied proce^ of finding an ordered crystal- ' 
bne lattice apot, and fii;ure 3 even indicates how mimmbUts cooperate in - 
yielding niacroscopic crystals, nature has always ha4the last laugh. For the 
arrays arc ever imperfect, with vacancies, dislocations and impurities, 
which only the most elegant techniques of the last few decades, particu- 
larly the^ne refining of Pfann^have reduced to near ideal limits. Indeed, ' 
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Figure Z Compoter model of crystal tcrowth process: Atoms move randomly to fill mcomplete 
* lattice on surface (^crystal 




center of this model) acts as active growth site, perpetuatmg its spiral structure. 



* figure 4 depicts the oridj;^ findings of Pfann and Vogel, confirming the 
theoretical tuspicionsy^the early.days of structural crystallpgraphy that 
there would be lines of defects, dislocations or vacancies in virtually every 

, real crystal The pits in figure 4 display that feality. And the curious adjust- 
ments to such reality made by thermally agitated atoms in crystals can in 
turn lead to bizarre recrystallization. One case is the famous and tenacious 
"whiskers," fu^st discbvered in tin by Calt and Herring some decades ago 
as spontaneous growth at room temperature: In figure S, they appear in 

' symmetrical fibrous form, since they fire single crystals. 
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Figurr 6. Electric potent wis can t au»e the vacancies m thin films to coalesce* producing open 
circuits, fractures or physical discontinuities. 



Further, we have found very recently that external fields, such as elec- 
trical potentials, have even more striking effects on the mobility of atoms 
and vacancies in the real surroundings of the crystal. To our amazement, 
vacancies are enable of aggregating in thin film structure, so important for 
modem e^tronics and for surface stabilization of metals and other 
systems! As diagrammed in figure 6, these aggregates can coalesce and 
cause open circuits, fractures or physical disconfinuities in what are as- 
sumed to be atomically coherent layers of matter. 

So already we «ee the future of materials research and development 

. being shaped by properties unknown until the mid century and, in many 
ctses, recognized only in the past few years. For we know that the strength 
of matter, the youtHfulness of steel, iron -and copper, the hundreds of alloys' 
comprising systems of which our civilization^is constructed are^.^ter" 
mined by these imperfections and the movement of associated atoms 
in the solid. Just as the frailty of man may lie in spirit, so the frailty 
of matter lies in what isn't tangible, and in how it redistributes itself. 
Yet we know from these last decades that all the subtleties of strength, 

^reliability and even reactivity are connected with these imperfections. 
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Fijjurr 7 J. T Plfwes conducts tensile strenjfth test of nev% copper-based spinodal alloy in 
which tin. un»formly distributed in a c opper-based ni( kel matrix. *mj>edes the movement <»f 
crystal di^lm ations ' 

The curious,clicks that Mason and I "heard" uhrasonically years ago, 
as fractures were incited in stre|se.d sojids, have now been adapted as 
i^outine testing methods for deterraining the quality of c eramics, metals and 
various complex hoodies. 

But at the same time that we find the nonideal spanning the behavior 
of solids, as we have always known for liquids and gases, we find new op- 
portunities for modulating it to ejihance the usefulness of many classic 
materials. Thus, Plewes appears Ui Qgure 7 measuring the tenacity of the 
wofld's oldest refined metals, the J)ronzes and other copper alloys, after he 
has modified the susceptibility of 4heir dislocations by spinodal decomlK)- 
silion of phases in the solid. This prevents large-scale disloqition jmove- 
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^menls that cause most melaIsO»T4j^|d and ev<>nlually break.* P'igure 8 shows 
the extraordiijary improvements* in ih^-^ield strength of copper alloys, 
whose (fualities had already been improvj^ for millennia, and whose yield 
vtresses determined ifie course of (^ili/afion through the weaponry of the 
Bronze \«:e and mii( h the eleclwr'al media (if the early 2()lh century. 

I ikewise in taf»ie 1 we see other proffmnfl improvements in the yield 
stresses of bronzes ( ansed by ( (jmputer-repulated texturiji^ol the wire liJve 
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or planar systems involved. Here Dr. (». (.'hin fias used the notions of 
crystal strength anisotropy, systematized by Professor (/. I. Taylor in the 
early days of x-ray erystallojsraphy but not optimized, because of geometric 
cohiplexity. until the computer analyses of ih^e last few years. 

But regulating the properties of matter, imperfect and complex as they 
may be. no longer depends on the amiable conipliance of crystals 
dominated by one or two kinds of atoms. Rather, composition can create 
desirable new ^Ij^tronics as well as )hechanics. Thus, although a brilliai^t 
era of magnetism. e^Fi electromagnetism. was signaled by the nickel- 
do/ninated alloys of the pe rm alloy- perm endur era^, we now find that subtly 
selected electronics of rare-earth shell structures, elements made as by- 
products of refining processes in the nuclear energy age. yield new mag- 
netic qualities These may in the future revolutionize all magnetomechani* ^ 
cal devices and systems such as armatures, miniature motors, etc. So. as \ 
illustrated in figure 9, the unsurpassed magnetic strengths of the copper 




rare-earth alloys represent yef another modification of crystal quality- its 
electronic and electromajsnetic properties — characteristic of modern 
materials synthesis. Figure 10 depicts some of the may;netic field permea- 
bility qualities yielded by the^e compositions. 

But if new m^netism is accessible, what about new conductivity? For 
it is said that the sinjde most vital issue in the enerjzy challenjies of our in- 
dustrialized society is to find more efficient electrical conductor^for the 
distribution and use of centrally «:eherated electricity. We all know that 
since the mid-century, when the subject of superconductivity was formally 
assessed as exhausted, new systems have been created with superconduc- 
tivity exceeding any known beifore! Figure 11 shows critical properties of 
some hi»ih-transition superconductors. Recently, transition temperatures 
at the current hi«:hest level of 22,3 K have been reached by Matthias and 
h|^ associates. 
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The question is, why can we Qot increase that temperature? Figure 12 
shows that indeed we might, if we but knew how to introduce critical 
distorting forces into the lattice. Studies by Testardi and' his assb^atfes, 
* among others* have shown a curious consistent rise in transition tempera- 
ture Tr in a given system wherever there is appropriate distortion. It is as 
though the wonderful electron pairing theory, begun by Bardeen not long 
after his transistor invention, is realized and augmented by social perfur- 
bations of that same regularity whose unreality we saluted at the outset. 

Well, it may be said^ if all these; wonderful things happen from crystal 
perturbation, ^nd if theitiUire of at least inorganic and metallic materials 
lies in distorting or othepivise disrupting the .lattice still further, why riot go 
all the way and make/amorphous metafby sufficient quenching, as Duwez, 
Willens and tbcK awociates showed could be done some years ago? As 
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Figure 12- Relation between superconductivity transition temperature (Tr) and Jattice distor- 
tion, as measured by resistance ratio in niobium ^ermaniumi • 
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figure 13 shows, this can be done extensively, yielding nice little ribbons of 
all kinds of metal glasses, as shown in figure 14. These do have intriguing 
magnetic and electrical properlies, vastly altered temperature coefficients, 
and other shifted electronics, as well as interesting^^nechanids. We may see 
much more of ttieir« application too, in the^ears ahead. Their processfie of 
devitrification are also illuminating, and we may expect some overl^fl^ing 
of inorganic and metallic properties through the amorphous metal p^jhway. 
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Figure 14. Glut ribbons of a cobalt-photphorus-boron alloy produced by rapid quenching. 
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But what about metallic and nonmetaJiic electrical properties: are they 
really4nterchangeable toa? Well, the theory of Mott of years ago said that 
under sufficient pressure or other crystal perturbations, insulating struc- 
tures and em^pty bands could be converted into conductors or, in other 
words, there should indeed be metal/insulator transitions. These tj^o have 
been provided by the lattice adjustments we are accenting, as_jhbwn in 
figure 15 for vanadium oxide. Th^^ has, of course, been a lively polemic 
among theorists and experimentalists in recent years about the extension 
and qualifications of the Mott transition. But there is little doubt that vast 
new opportunities, even including new micros witches and circuit elements, 
exist in this kind of matter. Also various chemical and mechanical proper* 
ties will surely be influenced by this versatility of electronic slates. 

But let us not despair that we are losing the ideal and beauty oT the sin- 
gle crystal. In the gaijpets, among jhe^ost colorful of gems, we find not 
only the capability of incorporating a{)propriate magnetic ions, but ^Iso of 
distributing them in exquisite insulators. Her^ we can separate electricity 
and magnetisn) in function and, like the more complex and less adjustable 
ferrites, can create whole new families of insulating ferromagnets. Indeed, 
the magnetic domains generated here are among the most exciting sources 
of information processing for the future, employing, as we know, the pro- 
perty of digital dualism in northor south magnetic orientation. 
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Figurct^ 16 shows the rare-earth garnet crystals, with their heroically 
'elab<|rated unit cells. Th^se yield a base on which a fil/n formed by epitaxi- 
kl deposition provides an excellent source of so-called magnetic bubbles. 
¥hese provide superior quality for digital memory when the composition is 
precisely controlled, as Van IMtert has achieved and ^s shown in table 2. 
Then, as seen in figure 17, compact thin film memories of high quality^vi^ 
come into increasing use to lighten and ex|>edite all sorts of information 
handling. And all the attendant materials for such thin film fabrication can 
be controlled with siniilar prjecision. 




Figure 16^ (#arnet crvstals — a souht of m^^nrtic hubhle84hat show promise ff>r future infor 
r^tion.prmfsftinK devi< es-are metaj oxides of rare-^arth elements, iron and other metals. 
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» Table 2. Properties of epitaxiaUy ^awn rare-earth gQmetjkljgis 
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Pipirc 17. On* lypc 5f iViagnetiC'bubbie memory. Maicnelic layer urown epilaxially on non- 
' ma^ietic (i^met substrate comains mafpietic bubbles* which are attracted to permalloy 
struct ares and can be moved from one to another. 
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It is the same sort of symbiotic matching of metals, magnetics, insula- 
tors and film formers that is yielding semiconductor functions through sin- 
gle crystal niceties as well. T|)us figure 18 shows a most exciting new solid 
stale development, the chafge-coupled device for image sensing, memories 
and shift registers. Still other cases of materiaU matching occur in the now 
familiar but still evolving light-emitting diodes, whose uses go beyond the 
faii^ijar red ^Mials" of watches and c^culators^, 4s hidicated in figure 19. 

-And yet the capacities Tor special media built into or surrounded by 
crystal, whether insulator, semiconductor or metal, are even, expand^ 




(b) TRANSFER 

hgurp !8 (^harKe-roupled devices (a) storr elertriral earners in patrntial wrils treated by 
applyinjj elec trical pxjteritial to eJedrodes The carriers can be (b) transferred from one to 
another by varying the p<»tentiaJ on adjacent electrodes. i 
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ing. Thus figure 20 shows the new excitonic plasma switch invented 
recently by Auston, which depend? oi) the metallic conduction of photo- 
generated, « hole-electron droplets in the surface of the semiconductor 
crystal. This devicfe permits digital operations about a thousand times 
faster than the best of the nanosecond circuits presently available and until 
now thought to be at the frontier of electronics. 




rigure 19. Light -emitting diode* illuminate the dial on the TRIMLlNE ® telephone. 
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Fijjurr 20 New optr>ele( tronic switch ojicratps in only 10 pioj^et rmds. \ User puUf-focused 
on.'thp f£ap in a mirroMrip transmmsion hne infreases cohductivity near the surface of the 
silicon suhfttrate and turns the switch ''on " Anr>ther laser pulse turns the switch "off* by 
shorting the line 
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Regularity and Imperfection in Synthetic Materials 

.up to now we have spoken of the outlook for materials science and en- 
gineering largely in terms of the natural composition of metals, alloys, gems 
and semiconductor crystals. We know, however, that the mid-century was 
characterized particularly by an equally dramatic advance in synthetic 
substances for structural and mechanical as well as electrical functions. 
Preeminent among these are the high polymers, bases for rubber, plastics 
and fibers, ^which have, in their turn, been as central to social and econortii/j 
progress as the inorganic and metallic structures. Thus figure 21 
represents in one industry alone, one that for the past quarter-century has 
reflected about 8 or 9 percent of the national annual capital investment, the 
growing role of synthetic substances in making the actual plant, from 
whjch our goods and services are derived. Similar representations would 
exist for the textile industry, whose consumption of polyamides and 
polyesters now far exceeds, and ecologically transcends, its classic depen- 
dence on cotton, wool and silk. # 

The polymers listed in figure 21, as well as those usedlj^the fiber in- 
dustry, and a huge volume of plastics (but not all) contain a lafge fraction of 




crystallinity like the inorganic matter we have reviewed. This micro- 
crystalline state is shown by the electron micrograph in figure 22, where 
. there is a connective matrix of disordered matter whose qualities and na-- 
ture we have sought to specify since 1940. In these last three decades, con- 
trolling both crystallinity and the packing of chain molecules comprising 
most of these synthetic systems have been memorable parts of the role' of 
polymer science and technology in the world economy and service. Thus 
figure 22 but symbolizes an elegant aod complex morphology, in which 
sheav6s of crystallites of ultramicroscopic dimension, often aggregating in 
spherulites, are themselves connected bylchain filaments into a remarka- 
ble medium having both liquid apd crystaline ch4racteristics. Again ideal- 
ism is unlikely, even in the ultimate chai* structure, although some con- 
densation pelyesters and polyamides c(^ffte\eTy close to it. 




Kiitiirr 22 (.ryHlal|inity of [lolymcr* ('lei iron mii ro^raph (30.()0() magniru .itMinl ohows lie 

miilv('ui<-!i joining lypii al shcjf like awircnales of deii-r (lolyrrysuls 
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•^he nonideal is common, however, as in the most important Single 
class of materials in the field, p^lyolefins, particularly polyethylene. 
Polyolefins contdin branches, which'^brings us back to the themt of learn- 
ing to deal with real solids and matterjn the future, to recognize and take 
^ advantage of the versahlity of the nonideal. Thus figure 23 shows the qur- 
rent characteriztion of branches of the real carbon chains in polyethylene, 
as determined by careful microscopic and geometric studies of (thankfuUy) 
relatitely standard materials provided by the NBS. 

These brandies bring us at once to another quality of matter, which 
we have emphasized little so far: •chemical stability or reactivity. This pro- 
perty, as we did in fact remark, is reafly dominant in the corrosion of metals 
and other conversions by imperfections and impurities in the crystals. Here 
in polymers a similar feature obtajBB,*^with the chemicaf realities being - 
much affected by both impurities ar^d'chain abnormalities. 



NBS BRANCHED POLYETHYLENE 
FRACTION 5AS5 



Mw » 15,600 = tii4 carbons 
M n .= 13, 950 = 996 carbons 




Branch points per wt: ov. mol. per 1000 CH^ 
Ethyl (CH3) . f3 n 
Butyl (C2) 5.8 5.2 
Amyl (C3) 1.7 1.5 
Long (C3) 09^ 

9.8 8.9 



VifUTf -23 CharaclwHzalion r>f branrhtni! in NB.S Lra^hed polyethylene fraction 5AS5, 
dftrrmm^ by microscopic and geometric slndipsr'''^^^ 
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Likewise stabilization — a vital quality of these systems, enabling tKeir 
real use, their technical ami industrial service -is affected by the distribu- 
tion of stabilizers in the ^olid, as governed by the crystallinity and in-phase 
relationships. Thus in figure 24 is seen the crucial quality of polyethylene, 
or indeed other polyolefins, as engineering and commercial materials. This 
quality is resistance to oxidation in the atmosphere, to which they'are fun- 
damentally vulnerable. However, as shown in the cu^ve and inflected par- 
ticularly in the work of Dr. L. Hawkins at Bell Ldl^or^toi^^?^now applied 
throughout the world, it is possible to prevent oxygen uptake and thus 
degradation of polyethylene for such periods as to make it a highly effective 
industrial substance. Properly compounded, polyethylene sustains a 40» 
year life, already demonstrated in cable sheath and in many other demand- 
ing (Mechanical and electrical applications. 




I^igure24. Srhematu «f oxidation of polyethylenr. with stabilizers controlling it«* denra(^tion. 
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So. we can controi and understand the reaction mechanisms sum- 
marized in figure 25 well'enough to address the next issue in the future of 
synthetic polymeric matter That is, to what extent can we expecl impor- 
tant properties of polyethylene to conform to the ideal chemical composi- 
tion of its inert hydrocarbon? Figure 26 indicates that the approximation 
with respect to moisture absorption, a vital matter in packaging, in electri- 
cal prx)perties, in the use of barrier and protective material, is pretty good. 
Nevertheless, it is not ideal, and we must deal with it accordingly. Years of 
exposure of polyethylene to the high-pttssure hydrolysis of the sea bottom 
indicates that the effects are indeed ^no(iest as shown. Figure 27 illus- 
trates a similar reality for the processing necessary for such high polymers: 
namely, the hydrocarbon chains do acquire some polarity and undergo 
some alteration in composition, bo»li of which are altogether manageable. 






0 2 4 
^ HOURS MILLIRC ► ^ 

Rgure 27, Effect of procrRsing on the dielectric-properties of polyethylene 
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Lef us shift now to consideration of whether these synthetic polymer 
structures, having the degrees of idealization throu^ synthesis that we 
have discussed in the past few examples, can also be adapted to particular 
mechanical and electrical functions. These functions are often dominated 
by designs and operations, but they frequently have little to do with the na- 
ture <^ the material or the economy of processing. ' • ' 

Figure 28 illustrates such a case — the wires used in cj^jfiftftunications 
and other electrical distribution systems. These have l^ifgbeen insulated 
and protected by composite sheaths of textiles, laoquers and other in- 
gredients. The question is .whether molecular design and synthesis can 
substitute for these traditiihal and tim^-proven assamblies. On the^ohe 
hand, it is desirable to have rapid extrusion by the jflse of thermoplastic 
economy at many-miles-a-minute fabrication speed»rOn the other h^d, it 
is desired to have stable nonplasticity buf high elongation and flexibility in 
use. So, processing: of polymer chains as thermoplastic is desired, with sub- 
sequent cross-linkage, as is done in vulcanization but at many times tlie 
speed of sMch reactions. Similar reactions are also used in^naking all sorts 
pf thermos^t and casting materials. As shown in figure 29, this alteration of 
structure can be quickly achieved by activating copolymerized double 
bonds with electrons from a small accelerator attached to the production 




Figure 28. Elrctrical distnbutmn wires (Top) new cross-linked polymer coatinK and (bottom) 1 
previous lexttle-served de«i>:n. 
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line, seen in figure 30. In this way, the manajsement of compdex ari^ys 
• aijtt assemblies of wires requiring frequertt readjustment or interconifec- 
ti6h can be.vastly improved, replacing such aggregations as shown in figure 
3L 

Such modifications of material structure are i^icreasingly widespread 
in many other uses, suc)\ as the preparation of plastic ducts, tubes, okAmb* 
ing fixtures and equipment for the chemical procj|s industry. Siiflother 
modifications of solids are under development, surras the use of expand- 

. ing agents to form homogeneous bubbles, making expanded dielectrics and 
structural insulating and thermal barriers available. An example of the 
economy and rfficiency involved is shown in figure 32, where high*den9ity 
^lyethylene has undergone a 50 percent expansion in volume on extru- 
sion^usingthetechniques^f Dr. R. Hansen. 

In addition to these adjustments during polymer processing, other 
major pathways to new materials and designs are offered by extensive 
chemical modification of polymer structure before processifig. Most excit- 
ing is the use of composites, of which polymer carbon fibers, mistakenly 
Called graphite, are the central elements.' Here it was found more than 20 

• yrars a^To that various chain and net structures, after suitable chemical 
treatifient and pyrolysis, would yield increasingly dehydrogenated network 
solids. ^ V , ^ 




FtiiUTC 30. Wrslern Elerlnc elerlmn accelerator used to produce cross-linked polymer wire 
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5G''(r Expanded 




Retatwe Cable Cost 
Copper 100 093 



Alumffwrn 087 



0 71 



^Tijiurc ^^ Wji^^rprooj < uhli m'^iiLihon M» ^^i^n .uwi rrl.itt\t' <.<>st nf i iirr»'n! solid 

|M>K |>rn|»\ Imh' cUmI n« h fln.tl <'X|>.Hi<lril fu;:h <!• ri^rU (►ol\rlh\lrnr < uiismtini: of a foafuril ^ 
|»iaHti< 4 orr and thin solnl pl.fotii skin 
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One such case is polyvinylidene chloride, illustrated in figure 33. 
Pigilre 34 symbolizes a related transformation using polyacrylonitrile. Here 
again, highly conjugated ring structures kre created, and eventually, 
pglymer^ carbon networks of extreme hardness and stability are attained. 
This propels is particularly dramatic in the case of previously cross-linked 

_CL H C} H CV H CI 

/C— C C H€AT C=C C=C 

c— c ^ c»c 

« C\ ^ (8) H CV 

H CI H CV M CV M CV 

yP=C, - /=<^v ^C=C C = C 

/ \H 01/ \ ✓ CI/ \ 

' ; C=C HEAT C^ 

vy^ CV\ /m cv'^ 

. H Ct 

H CV H CV M CV M CV 

^c«c e—c c««c c»c 

/ V C\/ \ / \ / V2MCV 
C-C HE^ vC-^C^ 



. ^ ^-f C=tC 
^ M CV 



(C) " CV 

F ijiurc 33. Conversion of poly vinyli(|pne chlonde to condensed nnj* polymers 
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TiKurr 34. (:onverai9p ofi polyacrylonitrile by hfal; further conversion is alrnost certain. 
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ring polymers, such as potydivinyl-benzene and its copoiym^rs. Here, with 
appropriate preoxygenation, exceedinglyvrigid networks of vitreous carbon 
are obtained, as' seen in figure*35. The wnole solid structure is dominated 
by the resonance bonding of the tt electrons, which spreaithroughout the 
macroscopic sample after initial excitation. This is demonstrated during 
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Figure .IS. Srhpmdtir*roi^£»ion of divmylbcnz^ne/plKyivinylbf nzene copolymer to elecf- 
tronicail]^ active denv^tiv 



oiu^rsion 



51' 



ERIC 



5/^ 




ihe formation of the polymer carbon solid by a typical maximum in the 
paramagnetism, illustrated in figure 3 6, Th^ delydrogenated side of this 
maximum is, of course, characterized relatively high electrical conduc- 
tivity, as the resonating electrons are shared throughout the whole solid 
and confer extraordinary stability mechanically and chemically on the 
cfoss'linked carbonitings, as shown in figure 37. ' ' 

Indeed, it is this effect that was first exploited in the format i on 4>fahiJa- 
tive heat shieHs for rockets and space vehicles, whose refurn to earth is 



^ tHraATURE OF PYMLYSS M 0E6AEE8 CBfTMAOE 
700 IM Stib 400 300 250 




Y IN OEGREfS KfLVlN 



Kijcure Paramagnetic rpM>nanc e ab*oiTHn»n in pretixidized pcilyvmylbf-nzenp as a function 
«if pn»f£rrMiveIy hi^er lemperatureB of pyrolynifi Ty#H al maximum in paramannrtww* 
demonMratr* rrsonanre activity i>f tt eln inw^ * 
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fEMPERAJUftE IN DEGREES CENTIGRij^DE 



Figurr 37. Specific re»isUvity of preoxidized polyvtnyibenzcnc pyrolysates. Shanng of elec- 
trons produces charactenstic^ly high dectrica) conductivity 



protected in the atmosphere by the actual in situ reaction converting the 
polymer to a rigid, stable and refractory shield that withstands at least 
7000 T, as indicated in figure 38. Precision of shape retention, even, with 
the volume shrinkage necessary in this reaction, is significant in recalling 
the fiber formation that is typically employed in the creation of composites. 

The history of these composites is relatively familiar through the ambi- 
tious effort to use thetp in the RB211 Rolls Royce jet engine bi^fan. While, 
for many reasons, that program, was abandoned, the casting (epoxy) 
polymer/polymer carbon fiber composites have, since 1971, played an in- 
creasingly important role in high-modulus, highly elastic and lightweight 
structures. In the field of sporting equipment, tennis rackets, fishing rods 
and j^olf club shafts made of these systems have outperforme<l any others 
in history. Presently taking shape is an important application of such 
systems, proposed when they were first discovered in the 1950^: their use 
in demanding functions in equipment for chemical and pnK-ess industries. 
The durability and chemical inerjness of pcjlymer carbon composites out- 
perform any known economical metal or ceramic structures. The Babc^ock 
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and Wilcox Company b now making large experimental ducts and valves' 
for.process applications, which appear to offer great advantages. We sl)all 
expect to see critical parts of chemical plants and energy con version 
systems made of these "composites in the relatively near future. 

An interesting insight, supporting x-ray scattering and electrical mea- 
sureipents made of itese systems during their first development, was pro- 
vided by the recent observations of Dr. J. J. Hauser and Dr. J. R. Patel on 




th^i^ondudtivity o£ carbon-implanted diamond. As indicated in figure 39, 
tfauser and Patel compared the temperature coefficient of dc conductivity 
^^^morphous carbon films made by getter sputtering with those formed by 




Figure 39. Temperature coeffirient of de conductivity for amorphous carbon filnift, compar* 
ing films made by getter sputienng to those made by carbon <on implantation (in diamond). 
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carbon ion bombardment of a^ diamond crystal, yielding an amorphous 
layer about- 1000 angstroms thick and thus^similar to the sputtered struc- 
ture. The curves reflect an expression including the coefficient of exponen- 
tial decay of localized electroniccarrier states an^TtTFrteosity of localiz^ 
states at the Fermi level. The similarity of the slopes for the diamond-b^d 
and sputter-deposited amorphous carbon supports the general cmi<?ept of 
mixed griphite-diamond bonds, which we deduced from otb^studies 
years ago. Optical transmission measurements also supo^n this view. 
Short-range ordering by high^emperature annealingenbafices the graphite 
content. But it is interesting that even wherf resistiflTyTas reduced to 1 .8 X 
10-^ ohm-centimeter at 300 K, the annealed layers remaned exceedingly 
hard. This supports the view that metallic conductivity indeed obtains* 
when the localized states overlap, bul tKere is still a preponderance of 
diamond bonds,, yielding the remarkable mechanics of these polymers. 
Thus we have further experimental indications that the state of the solid is 
the same whetjier diamond b#*nd* are added to graphite by polymer carboYi 
formation and pyrolysis evaporation or sputtering, or whei^er graphite 
bonds are generated in diamond by bombardment implantation of carbon 
Jons. 

In addition to these rather special!^, predominantly carbon 
polymers, various other elemental polymer systems have drawn attention 
in recent times. Thus Dr. M. 3fl. Lobes at Temple University and sub- 
sequently Dr. A. G. MacDia^d at the University of Pennsylvania have 
>^oduced polymeric sulp^f litride (polythiaryl), which shows many opti- 
cal and electrical qualitifo of metals. Similarly, oriented fibers showing 
high, anisotropy of ellctrical qualities have been produced. The 
phosphazene polymers hke also had renewed attention recently, since the 
early work of Allcock in preparing poly(dichloropho8phazene). Likewise, 
organic conductors such as hexamethylene tetraselanofulvalenium-tetra- 
cyano-p-quinodimethanide have recently been studied by Cowan, Block 
and co-wOrkers at Johns Hopkins University. 

It would be unseemly to comment on synthetic materials or materials 
in general in-tMs distinguished institution without referring to the many 
new techniqv^^-'^^easurement and cljaracterization that are emerging. 
One of the most p^^nising methods of analy^g complex shapes in terms 
of stress distribution and viscoelastic qualities is holographic projection 
H)f stress birefringence. Thus figure 40 shows the pattern around an in- 
cipient fracture center in a plastic,- where a laser has generated highly sen- 
sitive interferometric evidence of stress cimcentrating beyond the elastic 
limit. Then in forming the hologram, as in figures 41 and 42, we can 
reproduce an image of the real solid, as shown in figure 43. In the figure, an * 
injection- molded housing reveals subtlet^of stress distribution and con- 
ccn^tion of valu^ both th* process and^design engineer. 
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Fi^'ure 42. Ret ordin^ a holo^Tam Laser li^hl is separated inlo Iho beams b> a beam spbtter 
One beam illummates ihe <)b)etl. the other servers a reference The photop-aphir plate 
records the pattern of mterferenre between reflected bpht from the r)bjecl and the 
reference beam. • 




FtKure 43. Holt^Kcam of a plastic telephj)ne houmn^'. revealing' stress distribution and c onren 
tration. 

As we have noted* the important characteristics of many inorganic and 
metallic solids* those factors determining their strength* elasticity, yield 
and general design utility* depend on the behavior of dislocation, vacancy 
and amorphous properties. Correspondingly, in synthetic organic systems, 
in pi)lymer solids and rubbers, viscoelastic relaxation phenomena are the 
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dominant mechanisms for physicalv electrical, fliermal and other proper- 
ties. Thus, the past two decades hatve seen an elegant use ofdynamic 
mechanics, * and particularly of •broad-spectrum shear and longitudinal 
wave characterizations, along with applications of polymer structure theory 
and computer modeling. These are giving. a firm understanding of the prin- 
cipal variables in assuring desired rigidity, flexibility, high elasticity 
needed for yield quality^ and the Uke. 

In particul£ir, the segmental motion under thermal agitation distin- 
guishing-the rubbery from the glassy, or often rigid, crystalline states has 
been well established. Thus, in one of the most widely studied rubbery 
systems, polyisobufylene, figure 44 shows a temperature dependence of 
relaxation frequency above and below glassy transition calculated by a 
relatively satisfactory model. The engaging feature is that measurements 
based on mechanical waves, electrical waves (responsive because of pdlar 
impurity groups in this and virtuaUy aU other polymer chains examined) 
and nuclear magnetic resonance measurements from various proton relax- 
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KiKurr*44 Temperature dependence of relaxation frequency in polymobutylene. shiiwing 
a^rremrnt of nuclear magnetic re»<»nance. dielectric, and mechanu al measurements. 



59 



••Ml O - T? - I 



ations coincide elegantly. Similarly, the typical crystalline polymer 
polypropylene, in figure 45, displays tbe same consistency, as do the polar 
copolymer of fluoroethylene and ethylene in figure 46 and the completely 
substituted chain polytetrafluoroethylene in figure 47. Naturally, such indi- 
cation of consistent structural response to external mechanical and electri- 
cal fields as a result of thermal agitation has been already widely applied in 
engineering. We control, for . example, various extrusion and molding 
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Fl)ture 45. Temprralure dependence of relaxation frequency in polypropylene, showinf; 
aitreement of nuclear mamietic res^tnancc. dielectric, and mechanicaJ Vteasurements. 
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Figure 46. Temperature dependence of relaxation freliiuency in fluorinated ethylene- 
propylene (FEP), showing agree^ient^ of nuclear magnetic resonance, dielectric, and 
^ mechaiiica] meaanrementa. ^ 

processes by calculating from these relaxation-times the necessary pom- 
pliance of the plastic qt rubbfer as it, is cooled in the, final form. 

Knowledge of this sort has helped revolutionize such energy-demand- 
, ing operations as the processing of rubbery structures, an enormous ele- 
• ment in the materials industry, the basis for all vehicle tires and power 
links. Figure 48 exhibits the dramatic results of an old modification of the 
structure of rubber molecules through conversion of chains in locally 
netted configuration by ihe method pf microgel synthesis, discovered in 
^ latex polymerization more thart 30 years ago. New applications of this 
technique are still being made through molecular control of the latex parti- 
^c^\ and even natural rubber fias been vastly improved by post-treatment of 
. its molecules before coagulation. As seen in the figuctt^the use of niicrogel- 
netted molecules so alters the relaxation process dflnng j^igh-speed extrii- 
sion that compliant and stress-free extrudates are r^ccdtlyH^ained. These 
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Figure 47, Temperature dependence of relaxation frequency in polytetrafluoroethylene 
(PTFE), showing a^eement of nuclear magnetic resonance, dielectric, and mechanical 
measurements. 
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contradt sharply with the hi^ly distorted and subsequently relaxing 
vbluiHcs rcsuhihg from cofivc n tianal milling and p rocessing. 

Of course there are also many pbiymer systems whose qualities are 
dominated by high polarity and by dipole bonding and interaction. This is 
especially true in fiber-forming s^ystems. Here again we have a thorough 
basis for process and physical control through detailed structural studies, 
such as those of the dipole layer association, shown for tyi^ical polyamide^ 
in figure 49. Also being revealed are the structures of polymer blends and 
especially oT the important emerging polymer metal composites and 
polymer adhesive layers. Figure 50 shows the influence of a copper sub- 
strate on polyethylene crystallization. It gives evidence*, mi^rographically, 
of a special oriented layer of lamellae at th& polyethylene/copper oxide in- 
terface. This forms before the typical spheruliiM^ructure appears farther 
on in the polymer solid. Precise control of this procfi^^was vital in the- 
producti|>n of many transatlantic submarine cables, where phenomenal 
pressures and extreme environmental demands weyle successfully met with 
copper-polyethylene'high-pressure seals. These worl^ under circumstances 
where only a few years ago polyethylene seemed the most unpromising ad- 
hesive, Wiich could never be trusted at extreme seabed cohditions. The 
latest, exceedingly high-capacity transatlantic ^ cable, TAT-^, presently 
being installed, outpaces all szitellite communications in economy and 
fidelity; it*depends much %h this physical structure. 



Figure 48. Extrusion of three major lypes of natural rubber. Speddl processing (SP) through 
partial cross-hnking ahers relaxation of rubber so tha4,^rudate refatns size of die more 
dosely than rubber prrniuced by conventional pnK'essing.' « / 
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Rgure 49, Dipo^ layer aMOciation: ttnictiire of polyamide chains made from (a) odd-num- 
bered M-acids or even^umbered di (amine«1m j «ci<la)or (b) even*numbered o^amino acids 
or odd-numbered di jmines and acidsK " . . 
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slrt-^^in*: to v\hn Ji thfs vm rr •«)ri;^inalK intrn^rls snhn-raldr. 

W V ha\«' '-f-rii that thr riorn r>^talHnr ^|^ilW an appU hroadls to njVtaU 
■^rn^inor::ani«. -^NKit-ni^. a'^ vvyll in [►oKnu'r-^ W tnid nrv\ fiori/on^ in 
\u,>\\\ilJi ir-^fMM I to ^h<' rno^t < lav^K tjom f\^t<ilhiH- ^olid. :ila^<^ I)<'-jntt' "-n- 
pt-rh [►ro;:rrjNs .ii ;iim1 < ont.ur> lor tho prrMhn tioii of ^la^-* hhurs. fur r^a't!! 



.ERIC 





TlME TO FAILURE 

Figure 51. Application of surface agen^IpeKal caru»e§ cracking of polyrthyienc^under various 
conditions of biaxiaJ stressing: higher initia! slreB9|||||^rtens the time of bnttie failure. " 
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pie, which played a vital role in the industry of polymer composites, we are 
Jiow ijiroceeding into a new era of glass fibers, synth^ized for their optical 
— p erfection bu t al so^sh^w i ny mech a n i c al a nd othgr phy s ical prop e rtiee of 
hi^ mterest. Figure 52 shows the methods used to produce such materials; ^ 
figure 53 shows the products, with optical clarity nearly a thousand times 
that of the best glass lenses ever made before. Figure 54 indicates the con- 
• struction of these fibers, which produce, as shown in figure 55, a unique op- 
tical medium, yielding in figure 56 historic efficiency of light transport, 
with loss of less than 3 decibels per kilometer. 

You already know of the programs at Bell Labs and elsewhere apply- 
ing these system^ to new urban and local con?municatioi>6, but it is likely 
ihey will have an impart on a|l information handli^jgand signal processing, 
as well as on new instrumentation, .^s shown in figure 57, l^ghtguiding is in- 
deed a new frontier, but it will be associated with equally extraordinary 
materials used in filnJ||W>"sms, couplers and the like. As shown in figure 
58, these are leading new optical circuitry, or integrated optics, which 
wjll have its part in sciencp technology and industry in the years to come, 
as the thin film elect ronic^s of semiconductors is presently revolutionizing 
that field. ^ 

But on this occasion, devote^to the future as well as to sahiting the 
past, comments on polymer material should conclude only with emphasis 
on the challenges ahead. These rely still, as they have in the past, on 
matching the functional eleganpe of natural systems, through synthesis and 
understanding We have come, a long way in fibers and plastics^* in 
mechanical and electrical-chemical terms. However, in such features as ef- 
ficiency of information handhng as well as ph^sical-chenftcal versatility, 
such arenas as the polynucleotides shown in figure 59 lie still beyond our 
understanding Nevertheless, as diagrammed in figure 60, the beautiful 
helical structures and subtle interactjpns of the polar bases do connect 
witb our Emerging knowledge of simpler syntheticsysteflis and give higfi 
promise of leading us still deeper into understariding^f organic matter. 
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ffpire 52..,Production of low-lo«» fdass fibers, (a) Modified chemical vapor deposition method 
of producinK filters with hifdi silita content, ^Reactant nases. fed through a fused quartz 
tube, are heated to allow glasi-forming oxides to be^depo*it^d on the tube's inner surface. 
The tube is then collapsed into a solid rod. which can be drawn iiito hajr thin fibers by heat- 
inK fb) wivh carbon dioxide laser. 
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rijture 59. Schematic of polynucltofldp; whose transmiMmn of genetic informatH»n 
represent* highly efficient, versatile information handling. 
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Figure 60. Schematic of double helix configuration of ^>l>nucieoiid€rD\ A. 



Conclusions ^ 



We have sought to e\pr^ss the science and iec,hr\ology of solids at a 
,time about midway in, or alMeasl well beyond the earliest years of, the 
present solid state era. This mea^s that certain f^ors have achieved 
strong growth in the last few decades, particularly ^he literature and bibliq- 
graphic resources in the field. There has been speciaPvakie during the 
adolescence of materials science and engine»ing in creating a common 
language, so that sophisticated bibliographic techniques could be in- 
troduce^This was done, for instance, in the Intrex program al MIT and 
has bel^extended by various universities and professional societies. 
Similarly, the theory of solids has been an exceptional stimulus, since earli- 
er experimental methods were derived Yrom centurieg of classical 
mechanics, physics and chemistry. 

In other words, we have sought 'to characterize typical qualities of a 
great multidisciplinafy movement, which baa benefited from generations 
of disciplined l^iaming and discovery in-the componeiik fields. Suc h publi- 
cations as the Annual Review o)' Materials Science have in t^c past few 
years produced a readily accessible survey of theory and experiment, 
which enables both ihe casual practitioner and deep scholar to mastec 
much of the new knowledge of materials. Thesfe records, as well as per- 
sonal and institutional involvement, suggest that the future will be lively 
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and appealing. Partof thi^ comes from ihe inevitable stimulus of realVorld 
use of matter, part fw>m the challenges and demands tha^economical and 
socially responsible usage in the future will impose. We have been un^le 
in this short time to give proper attention to intellectual advfenturesW 
modem materials research and development and especially to fhe extraor- 
dinary theoretical progFe«s of these current years. . • * 
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CHEMISTRY-AjCHANGING FRONTIER 



BeiQg the same a^e as the NaMOfiat^ureau of Standards is an honor 
which will soon belong almost exclusively to the Bureau. In any case it 
gives me an interesting perspective* *" 

The*early years of man and institutions are usually devoted to fimilng 
their place in the grand scheme of things. My sensitivity to the <:heniical 
world became acute upon changing from mining and metallurgy £fnd arriv- 
ing at Berkeley in the fall of 1925 in quest o7a Ph.D. in chemistry. At that 
time G. N. Lewis had noted that most stable molecules had an even 
number of electrons, also thai bonds resulted in electron pairing and that 
many atoms tended to inTitate the rare gases by surrounding themselves 
with eight electrons. However, the nature of-llje chejnical,bond and it« 
strength was still the deepest of mysteries. The Pe^odic Table was power* 
ful in systematizing chemistry as it still is, but the^ohr tbifory of the atom 
with the old quantum theory provided, at best, o^y a partial explanation of^ 
the Periodic Table. ' . " ^ ^ 

llevolutionary changes, however, were in the wind. Heisenberg's . 
matrix formulation * of quantum mechanics was .quickly followed by 
Deftroglie^s explanation^ o f quantiz ation ar f he Te so ronce of-aAravc a^ 
j»o4iited with particles in periodic motion. Thus for the hydrogen at^m one 
could write ' ^ ^ 

n\ = 27rr (1) 

wher^ n, K and r are an integer, a wave length and the radius of the elec- 
tron orbit respectively. This equation coupled with BoBr*^ quantization 
equation ^ ^ ^* " 

^ nh = mvr27T (2) 

ogives the equation i * 

^ . " hlmv=\ . , <3) 

which if^as quickly verified by Davisson and (iermer and by Georjte Thom- 
son. From this beginning Schrodinger developed waye tnechanics^ much as 
we know it today. DeBroglie noted that for particle^ as for photons one 
could write for the energy of a particle mc' = hv. Then, replacing, the 
velocity c by \v we obtain his equation ync \= /i. Mere mc is the mm^en- 
tum, where c is the wiive velocity which for a particle we write as t\ Since 
the kinetic energy, T, has the value ^ 

T=^(mv)V2m^hV2m\^ ' (4) 
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• we see that the kirfetic enerjiy of particks i§ inv^erseiy propiortionaJ to the 
square of their wave Ien<rth, A'. Thus when Iwo atoms, such as hydrogen, 
, come^close loije^her some fraction of the'electrons' paths will encircle both 
'atoms with a ctfrrespondintt increase m w^vel^n^h'and decrease inJcinetic 
energy, h fe>ccordin{dy mit surprising thV^e principal conlribikion to 
the bonding energy is proportional to the number of such lengthened paths 
which enrirclei)oth nuclei- the so-called exchange bondmg Onecant^o^- 
venienlly ihinlc of the decrease of momentu]^ with wave length as d^us- 
irophobia which is lessened byl» electron lengtheninji its p^th by^ir^ 
cling more than one nutleus. \ 

Pauli's interpretation .^fspectra whicn .ed hin^ to state lhaftwfx eler- 
V irons occupying the same iSWal must have opposite spins also explained 
J^if. N. Lewis' rule that two electrons pair to make a chemical bond. • ' * 
The activation energy of reaction rates also became understandable as 
'the work -oY^artial promotion of electrons into upper etartbs arising: from t»he 
electronic reorganization occurring in the activated complex as the system 
passes through the chan^ie int^>^a^w way ol^bonding. The activaT^d h^m- 
plex i$ that p<>int alon^t the pass* for which enerjt^^wiSe it is (jownhill lo 
reach either reactants or products, i.e., a point of no return on the enerjty 
hypersurface. Low lyin^t troujihs or valleys on such energy hypersurfaces 
correspond to compound formaticm. Quantum and statistical mechanics 
^ logelJ^r wiy^jhe use of the theory of small vibrations envies us^to calcu'^ 
late ^11 the properties of stable or activated stales of chWSthy. 

The excitement, ari^'n^: from the prospect of pure \h initir/chemistry. 
coming as ir did before we had computers, faded rapidlyNi^digital com- 
putera prospects have become mucb brighter, but mar\y problems-are stiil 
best left to the^ analoj: computer, i.e., the cheniioal laboratory. 

More importa|yfi*i the numerical results so far coming oat of most 
ab mitio calculations frames of reference quantum m^ch^nics givVs 

for systematizinfi all of^mistry. Tj#^ use ofthe enerjiy hypersurface has 
clarified our understanding of cl^?al reactions of all \inds. Raisinji 
molecules .to upper enerji^ hypersurfaces as in mass spectrography, 
, photochemistcy or thn^ugh usfng other typ^s of radiatio/i leads t() transi- 
tions Wk to^he lower siirface. Such transitions may be ra^diationless at 
the point where hypersurfaces nearly cross while, at other points sucli 
transitions involve radiative processes. Hund and Mullikeri s correlation' * 
diagrams for diatomic molecules constructed using symmetry delations in- ^ 
dicate how a state for the separate atom^ passes into a particular state for 
^the united aton^. 'Phas symmetry of the^system is the guidi^i^; principle. No 
crossing of lines on the diagram occurs for states of the same sy mmetfyiut 
may occur for levels with different symmetries. Wcmdward and Hoffman 
h^ve drawn analogous correlation dia(irams for energy levels joining reSc- . 
tants'and products for many types of reactioq*. This procedfire has led to ' 
successful predictions for photochemical and thermal r#action§, jinjl nalu- 
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ral extensions will aid in systemktizitig future studies in this field. This^ 
brings up the question of how reaction rate ddta should beTeported. ^ ^ 

If a reaction rate hasfcen well reportecl, the procedure^for^bul^^ 
4^ straightforward. The authors' rate equatio^is shouWbe specified with the 
^constants they have established. This will make it possible for other in- 
vestigators to use the data in testings theories without loss of pertilient infor- 
matif>n.-An evef presfnl question is whether the mechanism hdfs been cor- 
rectly established. IMhe Worl^ is bjtfd eriine, a reference to it in the tables 
should suffice. Wheu elementary^kactions have been sorted out and 
values for the Yates have been estal^lished over any extended rani4e of tem- 
peratures, pressures, solvents or phases, absolute reaction rate theory pro- 
vides a powerful tool for extrapolation and of relating the observed results 
of elementary^ reactions to^molecular structure. Jhis use of the data is not 

^ infrequently hampered by misconceptions. A brief review of the theory of 
reaction rsrtes should be helpful. ^ 

^ The riSp of ajjy reaction, n. 'involving a region of a|rpost no retUm'n 
the energy hyjJersurface . take^4he form 
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fiere 8, Cg, .C*, j(, k have the fallowing 'meanings, respectiv^y: a Bhort 
distance normal to the birper fi.e. ."along the re^tion coordinate) m the re- 
gion of no return, the concentration^of activated complexes in a length h 
ajong the reaction co</rdinate. the concentration of these complexes in the 
lowest level in the degree of freedom Jtlopg the reaction coordinate, the 
veh)city along tlie reaction coordinate, an(| finally the transmission coeffi- 
cient which corrects tor repeated barrier 'crossing and is frequently very 
near unity. Contrary to what is frequently supposed, using the rate of redac- 
tion at points away fr6m equilibrium as we' have done iathe above deriva- , 
tion does not imply anything special about equilibration between the trajec^ 
\unk% approaching ttt point of no return. Rather it rtsts on the fact that - 
deletion of the product molecule's responsible for the back reaction is 
withoi|| significant effect bnjhe forward reaction measured at the ^)oint of 
noYetum tecaiise' there is.no interco^nmunif-ation and therefore no pertur- 
bation of tjie forward rate by deleltngihe bacLr^artion. k contects for mul- 
tifile barrier' crossings and quantUQi ifirchariiral reflection. Barrier leakage 
should of course be added to th# rate. Rerhemhering the thermodynamic 
relations«^F,-y„ yt=e^JkT, ^,=iiAifSn% A',='^Tin^ 1, exp^^ilkT) ^Gx 
=^kT In K^=^kT In jOq^jllViClyu it should be clear that eq (5) is applica- 
ble to elementary reac^ons in all {phases and conditions involving (M)ir>ts of 
nt) return^ »r nearfy tio return. The, symbols used have their Usqal meaning 
and so need not be defined further.. • ^ - 



Absolute .Rale tKeory in reducing Jcineti^cs to the language and oon- 
* cepts of thermodynamics achieves an intuitive clarity that is too often in- 
completely utilized. Very much is to be gained in predictive effectiveness, 
by thoughtful interpretation of good data yielding entropies, heats and 
volumes of activation for elementary processes. X^is procedure will un- 
doubtedly bring about great future systematiz^tion of reaction kinetics so 
that many fewer experiments' will be necessary with the accompanying 
economies. «^ 

Reaction rate siudies in which, reac^ants are restricted to a few 
specified quantum slates are yielding products io correspondingly leas nu- 
merous final states. The use of tuned lasers in the seplwtion of isotopes is 
case in point. If either fission or fusion are ever to become the m^iin 
economic sources of power, more efficient separation of isotopes will be 
one of the important obstacle^to be overcome. The recycling of materials 
involves overcomffg even more formidable obstacles and merits our,t>esi 
efforts. Recycle or perish seems to be the dilemma that confronts us'as we 
exhaust our natural resources. We Vil^cceed^n meeting these difficult 
challenges because we have lo. But ihlj^ay will be greatly simplified by a 
lot of advance planning. * • 

A shortage of chromium, for example, influences our.^ African policy. 
More critical are the compromises which will confront us if we run short of 
fuel ahead of powerful antagonists. Our most pressing problems) are not 
only the deyelopmeTit of, wise national' policies with respeot Ttn^these 
shortages 4tiat do and wiii confront us, but even more difficult for us^hat 
the public must be educated to accept and implement the programs 
devised to alleviate the difficulties. In our democracy even the Presidetit is 
powerless if he lacks popular support. ' * - 

, Because our national policymakers are less than omniscient, all 
scientist^hare the responsibilhy oTsupplyingihem wi^h the best technical 
inforrnation available. The National Bureau of Standards because of its in- 
fluential position thus shares a dual responsibility in thi^ connection:, first, 
of supplyini^the best possible information lo the policymakers and t'he'n, of 
doing all it can to make the resuhing policies accepiarWe to an enlightened 
public. * ^ . ' 

The long delay in the wide adoption of the metric system in our Indus- 
try is an exampleof the reluctance of private bqsiness to absorb thei?eavy 
expense of a qWck cliange even thdugh 'this tni^t be less expensive 
overall. This same rddctance of private enterprise to absorb unacceptable 
losses prevents industry trom going all out in providing us gasoline from 
coal. A segment of industry must be subsidii^d by the government to 
produce, without loss, needed materials ag&inst the day when the present, 
cheaper sources dry up. Any ojherprocedure ieem$ to invite (iTaaster. How 
can the Bureau of Standards lielp map out procedures whic h Will usher us 
into a new era in which we have switched oui* consumption of materials to 
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sources th&l are inexhaustible, because they are being continually 
' renewed? This will not be, easy.-but must come eventually. We cannpt solve 

• all our problems at once, but a sensible orderinji of priorities among the 
many ffroble^jfis claiming our attention should be de<feloped/Afiy intelligent 
planning seems better than « no effort to meet these situations that if 
neglected could be disastrous. ^ « ' 

The»bright' side of this picture is the technical competence we have. 
^ either to mdke the materials we need from available soQrdts or'to find ac- 
ceptable if not ideal substitutes. Illu*5tra|ing this point, many striking exam- 
ples of human inventiveness precipitated by necessity could be cited. We 
will mention only a few. \\ the beginning of tht»H;^ntury fixed nitrogen for 
J fertilizers and explosives was obtained from Chile's deposits of saltpeter^ 
Germany was thus at the mercy of the British fleet which controlled-<he 
^ seas untih Fritz, Haber and othei- (^man chemists perfected the HaBer 

process for fixing nitrogen in the form of ammoni|i by using an iron catalyst. 

• This discovery made'the disastrous first World War possible. Bestdes. illus- 
trating human creative abilit>, this example illustrates the fallibility of 
human judgment in making use of new discoveries and inventi<)ns. .AnotWr 

}\ , illostration« of wartime itaventiveness was the Germans' use of gasoline 
from coal to keep their war machine running wheil they were cut off from 
. th^ usual sources. In WoVId War Jl when the Japa/iese cut off the suppjy of 
natural rubber, .\merican. chemist^ within little more than .a year were 
, producing streams of artificial rubber which grew'into a torrent. For many 
— uses th^synthetirrubbCT i^as better than the natural product. Even mwe-s 
revolutionary was the devolopmeht of the atomic bomb during World War 
II with the hydrogen bomb following soon after. Space ex'ploralion is a child 
^ of the electronic revcJlution. but it, too. had its remarkable chemical com- 
ponents in'the fuels and th^ materials developed to withstand the extraor- 
dinary de{iia<nds fc^j" lightness, strength, severe cfianges in temperature and 
freedom from*corrosion. 

W'^ind, »UDlig*lit, heat from tHe earth, fission, and perhaps fusion, if the 
hydrogen bomb can be tam«rd eccinomically. together with recycling! 
.materials in short suppl>^ and more ecoiNk^n^l use of power in general:^ ^ 
such sources should be phased into general use as fossiT fuels phas^ out. 
" This change coold occur without a cataclysmic disaster if man faces up to , 
what lies ahe.ad and has the moral fiAitu'de to sacrifice while there are still* 
oph^)ns that can be implemented with hard worK artd wise-planning. If we 
^ ' cannot d(> this, manldtid is going to pay with unspeakable hardships for his - 
' monumental folly. The houf i§ v^rtainly very late, but noitcw late to avoid 
complete disaster if we set about developing the options still open \() us, 
^ now. .That th^hupian pace will survive &eems probable and there will be 
' discoveries* arid inventions nof dreamed of. born of (h^painful struggle for 
* survival, as there havt/ always been in jhe past. 
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^PPUED MATHEMATICS AND ITS FUTURE 



Introduction , 

4 

Essentially, mathematics becomes '"applied" when it is u^ed to solve 
real-world problems "neither seeking nor avoidinf^ mathematical difficul- 
tites'L^ (Rayleigh). Thus applied mathematics ' ^compasses the 
interdisciplinary aspects of mathematics. 

.The preceding definition is loose, and I shall not dwell on it. All 
branches pf mathematics are potentially applicable, and indeed as s^n as 
on& important application is found for ^ particular mathematibal idea or 
techi\iqu6,, analogy will often suggest others. For this reason, the nature of 
applied mathematics is continually changing. ♦ » ' * 

Moreover the best applied hiathematics is often done by persons who 
are not professional mathematicians of any kind, let alon« ^plied mathe- 
maticia'ns. Co^elated with tin? is Hke faqt that the most impohant areas of 
applicatipn o^ mathematics, such as hvathematical physics, mathematical ^ 
stati^Acs, and the mathematics of cpmputing, tend to split off from the rest 
of iHathematics, and to becom^new specialties *vith iheir own profession! a 1^ 
societies. \ _ ' ^ 

— ThisT ten q eiiuy makes the content of applied mathematics not only* 

time-dependent but even unstable: because of its inherent close relation to 
other subjects, pieces oi it are constantly bei n^ c a ptur ed by e^pejts jn 
these subjects and taken away from mathematicians.' 

This instabilfty is only one of many difficulties tl^ beset the profes- 
sional applied mathematician. .Another is the fact that .mathematical for- 
mulations of real-world problems are apt to be imp^ss^ly ^complicated or, 
ridiculously* simple. In the first case, they are intractable; in the second, 
their solution does not required he services of a profession4l. In the broad 
spectrum of real- world problems, very few fit neatly into that narrow com- 
plexity band of those that can be solved by a skillful applied mathematician 
in froiti 1 to 5 years. As a result, the most important branches of applied 
nuithema|ics in real life are still arithmetic and elementary logic! 

No attempt to pfeselit a cwnprehensi^e vjew <^f applied ntathomaucs 
and ifs future can hope to escape ^f^om th^ uncertainties anj^rT>biguities 
implied by the preceding^observations. However, I shall do *i|j||fc^C9t. and i 
hope my talk will occupy an honorable place beside the IQQO t'eiiriew by R. 
S. Woodward [29] of 19th century prpgress in^applied mathematics^ and 
the description [6] by Thorton Fry of the state of American industri^^l 
mathematics in 1941.. 
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Ptolemaic Geometry and Astronomy * 

1 he past usually provides the best guide to the future, and I shall 
begin by discussing briefly the oldest applications of mathematics: to 
geometry and astronomy. 

The basic facts of geometry and aslconomy were known to prehisforic 
man, and^ertaihly the Babylonian high priests were experts 5n both. Blit 
it was EuUid who first made geometry into^a branch of jnathematics, by 
deducing if\all from a relatively smalf number of geometric postulates and 
axioms about ''quintities" in general. His deductive exposition, written in 
Alexandria ander the Ptolemies, has stood the test of time very well! 

Ptolemaic astronomy al^o provided a mathematical model which pre- 
dicted very successfully the regi^ir gyrations of the sun, the stars, the 
moon, and the planets as seen from our earth. In ^ssen^e it seems to have 
been a kind of (J at a fitting: finding the phase constants Tn, frequencies 
! knl'lTT, and' amplitudes (in that gave the best fit to almost periodic empirical 
functions: 

U{t) Ian cos kAf-Tnl (1) 

' Copernican astroijomy gave no better agreement withT observations. 

. To set the tone for the. rest of my talk, I want to emphasize that these 
rrfarvelous achieVements of the human nj^nd were not the result of unaided 

^ thought, but that carefully designed instruments for measuring distances* 
and angles dating from prehistoric times, and observations extending over 
centuries were required for their scientific verification. 

Also,^ some of the simplest cfiTestions could not be answei:ed by apply- 
ing known mathematical ideas. Thus Pythagoras was already confronted 
by a serious dilemma: he knew that-the ratio V2 of the hypotenuse to the 
side of an isosceles right triangle could not be expressed as a ratio*of in- 
tegers r'rati'cmal number"), and swore his followers to secrecy on the sub- 

j ject.*Thi8 led to the^scovery of irrational numbers. Again, the^^reeks 
coyld find my way. to trisect a general ,angle, "square a circle,'' or duplicate' 
a cube with ruler and^ compass. Much later, it was shown wAy this <fould not 

^ be done:' tt is a transcendental number, and'the ^*akjis group of V2 is not 
of order 2". ^ - 

However, there were simple enough practical ways to approximate 
ViXo any desired accuracy by a rational fr4ction, and to approximately 
trisect any angte or duplicate any cute likewise. This brings out a cruciahj 
{^nt, to which I shalUecur: unsolved jcien/iyir problems need not impede 
engineering progress. * 

The next great advance Tn ^leofnetry came with Descartes and Fermal 
around 1637. It consisted Tn using rectangular coordinates to represent 

'Felix Klein, "El^fp^ntary Mathtmatirs from art Advanrtd Standpoint " . 
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curves. This powerful application of the then new technique of algebra 
(symbol-manipulation) to solve^ geometric fllbblems revolutionized 
geometry, and made it possible to go far beyond ^ppolonius. Pappus, and 
other Ptolemaic geometers. 



' CelestiaflMechanics 

F^robably the most impressive early applications of mathematics were 
to celestial mechanics. We all know that Kepler spent years using the best 
available instruments to help ffim intetpret the observed motions of the 
planets in the sky in term^»of the Copemican heliocentric hypothesis. He 
finally succeeded in summarizing his observations and calculations in 
three laws:- * 

(i) The planetary orbits are ellipses, with the sun at one focus, 

(ii) Th^i^rea is swept out by.a radius vector from the sun to any one 
planet at a constant rate, . f> 

(iii) The periods of the planets are proportional to the three-halve? 
power of their median distances. ^ 

The mathematical skill required to make Kepler's discoveries is less 
well publicized. Besides using logarithms (a new indention at the time) to 
facilitate his calculations, he had to know the properties of the conic sec- 
, tions and spherical trigonometry. Just to convert his measurements from a 
geocentric to a heliocentric coordinate system must have been a major 
task. Although the 'Tixed" stars made it relatively easy to know the 
direction of any planet (or moon or the sun) from the observing telescope, 
to locate such a heavenly body precisely in four- dimensional space-time 
required ingenuity, patience, and very accurate clocks.'* 

Everyone also knows Newton's remarkable achievement: by develop- 
ing and applying the ideas of the calculus adumbrated earlier by Cavalieri, 
Fermat, Pascal, and Barrow,^ he was able to deduce Kepler's three laws 
from^a single hypcithesis: that planets were attracted towards the sun J3y a 
"gravitational" force per unit mass, inversely proportional to the square of 
their distance from it. Thus, by accepting tfie law of gravitation as a univer- 
sal principle, applicable to all bodies, he was able to ''account for all the 
motions of the celestial bodies, and f^^f our sea.'"» 



% Kepler, //armoniffll/iirtrfi 1 1619), » 

Rood reWrenre ii W. Chauvenet. Manual of Sphencal and Practical Astronomy, 2 vols, 
(LippinroK. Philadelphia. 1855: Dover, 1%0). 

♦See D. \. Siruik. Source Book tn Mathemntirs 12001800, chap. IV (Harvard I niv. Press, 
1969). 

•Harlow ^hapley and Helell Howarth. Sourr^'fioo/: in Astronomy (Harvard I niversily Press. 
1929), p. 78, Th» book alp contains relevaiH exri^rpis from the work of Xepler 
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Newton's Philosophiae Pfaturaiis Principia Mathematica (first ed., ' 
1687) contains of course very much more than this, including the result that 
any spherically symmetric body exerts the same gravitationa^attraction as 
if its mass weWI concentrated at lta center. Another conclusion, deduced 
more rigorously in 1742-3 by Maclaurin and Clair^ut from the hypothesis 
that the earth's shape pdnforms to equilibrium between the centripetal/ 
force of graviution.and the centrifugal force of rotation, is that the shape of 
the earth is an o6/a^e^pheroid, contrary to the generally accepted contem- 
porary view that it is prtTkqe. Maupertuis was to verify the correctness of 
Newton's and Clairaut's cl>nrli»i«ions a century |ater (see sec. on Con- 
tinuum Physics). , 

Newton's dramatic success stimulated many attempts to extend his 
^results. The most comprehensive extension consists in Laplace's five 
volume Mecanique Celeste (1799-1825)^ translated into English by 
Nathaniel Bbwditch 10 years later (1829-39): it includes careful discussions 
of tidal phenomena-. Laplac^ claimed to Fiave proved the stability of the 
solar system: that no planet would ultimately leave it as a result of the accu- 
mulated perturbations of its orbit around the sun by all the other planets. 
However, his ''proof was not rigorous, to say the least. *^ 

I mention this to emphasize the point I have already n^ade: that the 
systematic application of known techniques often fails to In$wer very sim- 
ple and natural questions. Celestial mechanics provides other examples. 
The three body problem, first attacked by Lagrange in 1772 (Shapley,* 
pp. 131-2), still defies solution. It is not even known whether it pos- 
' sesses any'invariants ("integrals") besides those implied in the classic laws 
of conservation of energy, (linear) momentum and angular momentum.* 

To be sure, it has Bad many triumphs, including the prediction of the 
, existence of new planets (Ceres* Neptune, Pluto), and the a'bility to predict 
eclipses and reconstruct past eclipses of the sun and moon for millenia. But 
one of the most fundamental scientific discoveries4to which it has led, 
through the meticulous comparison with observation of the consequences 
of Newton's theory of the Solar s/sterp. is that of deviations from the inverse 
square law of universal gravitational attraction.'The observed small but ^ 
systematic advice in the perihelion of Mercury, unpr^ictfed by Newton, 
was one of the three "crucial effects" that led Einstein to p^tulaUe his 
theory of general relativity in our centuiiy.^ . 



*Sce^H. Poincarp, "Sur la Stabiliir du Systeme Solajre/' (Annuaire du Bureau des Longi. 
ludesj 189e);'t29, p. 52]. y 

^Presumably, the failure of Ein!»tein*H parlifr theory of sppnal relativity to predirt it was 
another! * 
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The Exponential Function ' « 

So far, I have just recalled how the calculus made possible the 
development of celestial mechanics, the oldest branch of mathematical 
physics after geometry, into a subject of great mathematical depth and 
precision. I now wish to recall an entirely different aspect of applied 
mathematics, enormously relevant to biology and economics: the related 
concepts of the exponential functioned and the growth rate definable em- 
piricaUy as the logarithmic derivative c/j^/xc/r 

It was of course Euler who discovered the Vnarvellous connection in 
the complex domain between the expone^ytial function and the trigonomet- 
ric functions, exerhplified by the classic lormulas. 

cos (e^^ c-*')/2. sm x = (c^ - c-"')2i, = - 1. . (2) 

At the time of their discovery, these formulas must have seemed to con - 
. stitute abstract pure mathematics of the most esoteric kind, yet the^fruit- 

fulness of their discovery for applications is incalculable. 
' , Instead of dwelling on this well-known fact, however, I w^t to make 
a nnijch more simple and down-to-earth application of this same^unction in 
th^ real (and real world!) .domain, to the supply of people in the United 
S^tates trained to do mathematical research. There were very few such per-" 
sons in 1876, perhaps 15 would be a fair estimate. Today, we have about 
15,000 m^hematicaj Ph.D's. and a quick examination of the available data 
suggests pat the growth rate in the intervening decades has been abojit 7 
percent annually. 

I| This conforms to the formula x = X(te*'"^', doubling every 10 years as 
' our consumption of electrical power has. The »a*owth factor is thus 8 every 
30 years (roughly a jienjeration), a thousand every century, a millidn every 
^00 years, and would be a million trillion trillion if it could be maintained 
for a millenium. . , 

Many pheftomena that we take for granted are simple mathematical 
' corollaries of this growth rate. With a 7 p^u^pnt annual growth rate, half of 
all we know will have been 4iscovered in the lagt decade! With a 3.5 per- 
cent annual growth rate, perhaps more typical of the mathematical world 
as a whdie, have been discovered in the last 20 years. This makes the 
study of the history <)f mathematics or even of anyjnathematics more than 
40 years dldc seem to have little talue. After all,' it can refer to only one- 
fourth of what we know today (and generally the st«Jest part) if the growth 
rate is^3.5 percent; with a 7 percent annual growth rate, the fraction woul^^ 
be one-sixteenth! In ifther more raf>idly developing fields, presumably hav- 
• m^iieaterresearrh potefitial, the fraction is much, much less. ' » * 

. Anoth<*r coroltafy refers to that unfelicitoas phrase: "having" gradu- 
> ate students'. With a 7 percent growth rate, were there no mathematical im- 
migration except by degree-seeking graduate students, the average Ph.D. 
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can expect to have *'liad'' (or "produced") about four ^aduate students 
during a period of maximum *Th.D. productivity" between his 10th and 
25th post-doctoriaJ year. If only^o^ife fourth of ali Ph.D's try to reproduce 
their kind, the number grows from 4,to 16. If more maturity and experieace 
are asked of Ph.D. Thesis' supervisors^ so that such supervision normally 
' takes place from 15*to 35 years after receiving; the doctorate, the number 
grows to 30. ^ , ' 

These numbers give a rodghly correct statistical picture of what has 
been going on over the past century; it ignores of course some very sub- 
stantial mathematical immigration. Were it to aontinu'e for another centu- 
.ry, we would have 15 million Ph.D. mathematicians by 2076, publishing (if 
successful in fulfilling their mission) at least 100 ^million pages of new 
mathematics anfiuallyi This seems unlikely! 

On the?)ther hand, consider the dismal picture of a zero Ph.D. popula- 
tion growth rate. ObvioUsly,the average Ph.D. can hope to "haye" only dhe 
Ph. D. during his lifetime. Even if three-quarters of our Ph.of's are sterile, 
the remaining fertile ones can only hope to "produc^" one every ^ years for 
20 years, or one every 7 years for 28 yeats. 

• I do not wish to push this elementary application of well-known mathe- 
matics any further/ it is too painful! But I hope you4vill have the properties 
of a 7 percent growth rrfte in mipd later on, when I take up mathematical 
economics. .And I hope that any pure mathematicians who consider it will 
realize how much better the prospects of academic mathematicians for su- 
pervising graduate students would become, if 60 percent of all Ph.D.'s 
could* get nonacademic jobs! 

' \ ^ > • 

llydraulics ariclilydrodynainics 

I shall now return to applications of matheipatics to physical 
phenomena: "natural philosophy" in the classical sense. Hydraulics has 
existed as an engineering science since early* antiquity;* the Egyptian ir- 
rigation system and Roman aijueducts provide monuments to it. 

In his Principia Newton already proposed an ingenious mathe- 
matical model for air resistance, but it assumeslhat air consists of stationa- 
ry molecules, and provides a decent approximation only for hypersonic 
missiles in a'jnear vacuum^ which is certainly not ttie appUcation he had in> 
mind. , ^ 

It was Daniel Be.rnoulli and Euler who first constructed a plausible 
model for the behavior of fluids, thus foundilg continuum mechanics ift the 
modern sense. They postulated an (ideal) irmompressible njonviscous fluid; 
it can be successfully applieci to explain mq^y facts about wttve^ and tides. 

—■' ■ ■ /. . ■ 

•Sec H Rouse *nd ^!nce. History of Hydraulics (Iowa !n»t. of^ydraubc Research. 1957). 
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It has^e renferkable property that motions of such a fluid started from 
rest always admit a velocity potential 0 satisfying the Laplace equation 

Lagrange believed that the idealized fluid of Be*rnoulli and Euler would 
reduce fluid mechanics to a mathematical science, like geometry and 
celestial mechanics. He wrote in his classic Mecanique Analytique (1788): 

"On© o^es to Eul(fr the first general formulas for fluids motion,., 
presented in the simple aijd luminous notatfpn of partial differences... By 
this discovery, all fluid mechanics was reduced to a single point of analysis, 
and if the equations involved were integrable, one could determine 
com()letely, in all cas^Sj the motion of a fluid moved by any forces..." ' 

However, he was under an illusion. Actually, Stokes was to sucQeed 
around 1^40 in integrating these equations, and calculating the pressure 
distribution around a sphere as predicted by the model. He found that, as 
d*Alembert h^d jessed in 1750, the pressure had fore-and-aft symmetry, 
so that the net {pice was zero. This was contrary to th^ well-known 
empirical fact (also predicted by Newton's model) that solilis moving 
through fluids of density p encounter a resistance F roughly proportional, 
to pv^A^ where A is the cross-section area and v the vel<5city. More pre- 
cisely; we have, F = ll2pC/)V^A, v^here the empirical "drag, coefficient" 
C o as defined by this equation from the fneasured F ordinarily lies betwe«^ 
0.1 and 2. Lagrange did not mention this "d'Alembert paradox" *in his 
book^ and his .example has been followed by most subsequent ^vriters of 
books on fluid mechanics. 

The most notable of these/js Lamb's Hydrodynamics (first ed. 1879, 
sixth ed..l932), of wtiich the best half is devoted to potential flows. These, 
can be constructed by the methods of pote/itial theory^ which also applies 
to gravitationaPfields and to electrostatic and magnetostatic fields, as well 
as to functions of a complex variabte. This fact made potential theory a 
central topic in mathematical physics in the 19th century. 

Nearly a hundred years after Euler, Navier (1821) and Stokes (1845) 
developed an alternative model for liquids and gases: that of 'an 
incompressible viscous fluid. Unfortunately, their equations are nonlinear 
and so complicated that fhey have been integrated analytically in only 
a very few cases to this day. T+ie same can be said of the model of a 
compressible nonviscous fluid. Not long after, Helmholtz and Kirchhoff 
showed that fluid resistance could be qualitatively explained within the 
framework of potential theory, by admitting the possibility of flow separa^ 
tion and wake formation. * 

In 19(ft, Prandtl reconciled the ideas of Helmhohz and Kirchhoff with 
the Navier-Stokes equations, by postulating a composite model, according 
•to which solids moving through fluids (liquids or gases) Were sheathed ir^a 
thin boundary layer ^ inside which the flow is nearly parallel to the solid sur-> 
face; and the Navier Stohts equations apply in a very simplified form. Out- 
side of this boundary layer he assumed potential flow. 
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Unfortunately, under many practical conditions the fldw in the boun- 
dary layer is not "laminar" (i.e., time-independent) as was assumed by 
Prandtl, but turbulent. In particular, the flow is turbulent in raost problems 
of hydraulics, such as arise in supplying water or hydroelectric power to c'u 
ties. It is also the case in aeronautics, both at Iomj and intef mediate flight 
spee4$; for aircraft flying at high subsonic and supersonic speeds, the 
niodeliiMK of real flows is further complicated by compressibility affects. 

' Faced with these complications, engineers of many kinds (hydraulic, 
civil, mechanical, aeronautical and chemical) use all the model§ I have 
mentioned, but selectively, on the basis of engineering experience and 
judgement. To apply mathematical ingenuity freely to plausible and in- 
teresting assumptions, in the same way that most pure mathematicians do, 
would have led to a long series of engineering disasters and neglected op- 
portunities. I shall next try to explain this general principle more concrete- 

ly. ■ ' • ^ 

Eiifpneering^ Models 

Engineers tend not to w(j|rry too much about the philosophical con- 
sistency of the prin^iyljes underlying ih^ir mathematical models, provided 
that these ^nodels agree reasonably well with observation over the range of 
interest. If a model simulates reality well enough, for whatever reason, it is 
a cheap »ubstit^Ite for possibly destructive tests of large families of ar- 
tifacts in design studied. The model can include empirical functions (*'cor- 
relations," "constitutive equations," etc.) quite freely, provided that they 
conform to engineering * experience and judgement. For this reason, 
engineers will always make extensive-use of applied math^mdtics. 

Scale Models, However, models need not be mathematical: one can 
build geometrically similar models to^ scale, and use the concept of 
proportion ' to scale the resulting observations up or down. If the 
hydrodynamical' differential equations of Euler and Lagrange were exact, 
it would be easy to do this: thus the dimensionless "drag coefficient" 
CiF=2Dlpv^A would depend only on shape, and not on the fluid or the size 
and speed of the moving object. ♦ , • 

* Even if these equations were e^act, ship wave resistance would de- 
pend.on xhe Froude number F = vl\/gl ("speed-length ratio"), because of 
the presence of a free surface. H(xwever, it would ^otherwise (scaled as 
above) depend only^m the hull form%njd s^) one^cr)uld test for this using 
srnalf, relatively cheap, scaled down models. / 

If one admits that compressibility i^ impi)rtant. Hut neglects vist'^)sity, 
then the drag coefficiertt should depend only on the shape and Much 
number M = vie: the ratio between the missile speed and sound speed. This 
is usually a good approximation in ballistics. ' 



Finally, if viscosity ^ is imJioitant/Dut v <<c (Af<0.23ay), then the \ 
resistance coefficient would depend >only on the ^hape and the Reyn(Mds 
number R = pdvlfJL This law of Similarity" applies also to turbulence 
^effects,' as was verified ^perim/ntally by Stanton and Pannell in 1920; 
they showed that even air sura water were "similar" in this technical 
sense: at the same Reynolds/number, turbulence in water and turbulence 
in air are exactly^imilair in A\ respects.^ 

Because it was so difficult to integrate the Navier-Stokes equations 
analytically in ahy but/the simplest cases (and impossible to do so in the 
presence of turbule^e). airplane design was based almost entirely on 
tvind'tunnet tests ^uhn|g the crucial pei^od 1910-1950, and the role of 
theoretical fluid /nechanics was limited lo interpreting experimental data. 

On (he otKer hand, geometry (the oldest branch of applied mat he - 
maticsf was ^Aasic to fitting together the needed components, while 
Lagrange^ /las^ical theory of small oscillations was effectively applied to 
minimize Vibration and flutter y 

Thiar illustrates an important poifit: for applied mathematics to help * 
^ngine^rs, laathematical modejs must be economically competitive >vith 
other/approaches such as the use of scale models. In addition, they must be 
reliable wifhin the contemplated range of operating conditions. 
' / Contrast with Mathematical Physics. The preceding comments are in- 
tended to bring out the point that*q{ngineers and physics create and adopt ^ 
^ mathematical models for very different purposes. Physicists are looking for 
universal law^ (of "natural philosophy"), and want their models to be exact, 
universally valid, and philosophically consistent. Engineers, whose com- 
fSlex artifacts are>usually denned for a limited range of operating condi- 
tions, aW^StisIftd if their models are reasonably realistic under those con- 
ditions. On the*other hand, since their artifacts do not operate in sterilized 
laboratories, they must be "robust" with respect to changes in many varia- 
bles. \ 

This t^nds to make engineering models somewhat fuzzy yef kaleidg- 
dcopic. In fluid mechanics, Prandtl's "mixing length" theory and von Kar- 
^man's theory of "vortex streets" are good examples; the "jet.streams" and 
'^fronts" of meteorologists are others^. # 



Molecular Models 



Newton's success in deducing the observed planetary orbits from an 
assumed inverse square law of gravitation inspired other particle models 
fifi^ microscopic scale. These models attempted to deduce the behavior of 
a^blids, liquids ai}^ gases fronri analogous assumptions. 

' *For the mathemalical theory of scaling, see G. Birkhpff. Hydrodynamics: A Studynn Logic^ 
Fact and Similhudf. 2d ed. (Princeton University Press, 1960). 
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Thus D. Bernoulli showed in his HydrodynamicsAl"^^^) that the pres- . 
slir^ of a gas on the walls of a container could be explained qualitatively as \ 
a reaction to smooth sphefical molecules of finite r^dius'bouncing off them. 
In 1743, Boscovich suggested trying to explain elasticity by assuming that 
any two "ultimate particles" attract or repel^ach other along th^line join- 
ing them according to some law of force F = f(r).^^ This idea was usedlsy ^ 
Poi»&on.in 1812 to construct a short -Jived theory of plates; ini819,Xaplace^ 
constnicteli ar^ analogolis'but mrore plausible molecular theory of sifrface 
tension (capiHary/orces). , , ' . ^ ^ 

In 182) , Navier applied similar ideas even mare successfully, to derive 
"constitutive equations" for a hojnogeneous isotropic elastic solid. These 
equations contained a single Constant the compressibility, and impUes 
thaf the "Poisseit-fatio" of lateral contraction to longitudinal extiension in 
* pure tension must be This ''uniconst^nt" model w^s discarded later in 
favor of a "variconstanl" ^tfhtihuum model proposed by Green (1837) an(J 
Stokes (1845). They showed t^t isotropic linear dependence of a general 
§tress tensor on a strain tensor involved two arbitrary constants, th.e shear 
modulus and the bulk modulus.*' Experiment confirmed that these could 
vary independently, depending on the material — and that the Poisson ratio 
need noybe 1/4. 

The ideas of Poisson arid Green .were extended to anisotropic solids 
^crystals) by/Cauchy and LamJ, respeciively, |and still "^or^ sophisticated 
molecular models of solids were ^opOsed lat^r by Kelvin, Max Born, and 
L. Brillouin, who applied them to deduce specific heats of solids, piezoel^- 
tric effects, and propagation t^ws for electrical wavjes alon^ trans*mission 
linesJ^ However, such molecular models of solids have been increasingly 
displaced by more sophisticated quantum-mechanical models <\Ver the past 
50 years, while elasticity theory ignores bothl ^ 

Kineiic Theory of Gases. Much ^eater success has been achieved with 
molecular models for gases. By ass.uming that m(tiecules are small groups 
of atoms connected by springs, the pressure and specific htat of nondense 
gases have beeW quite well explained. Moreover this model of "heat as a 
mode of motion" (Tyndall) bridges ni(!^elythe transition from mechanical to 
thermal energy; as one of many by-products, we get a plausible explanation 
from first principles of the adiabatic equation of state, o = kp^ for 
diatomic molecules. 



/ 



'•For the fucts staled here, »ce [21]. chap. V and VI: also Todhunter and K. Pearson, His- 
tory of the Theory of f/asricuy (Cambridge Univ. Press. 1886). ^ 

^.aurhy's first memoir (1822) h|d involved two c onstants, but his later pa^ier^ only admitted 
7ne \nd inderd, any simple penodic array of bke^statir mote( ules. in e(|uUihrium under mu 
tudi attraction and repulsion, must have a Poisson ratio of 1/4. , 
*M.. Bnllouin, JTov^ Prooagatibn in Peaot/*r .S«rttrrure5(Mc(*raw-HilU 1946). 
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I could not begin to describe all the intermolecular and interatomic 
"'for(fe laws'' / — j^r) that h^ve been proposed, in^ the spirit of Boscoiuch 
)ijid Laplace, (o explain the observed facts — including the ''triplcstatel of 
' jnaller aqd the behavior of the equation of state near it. Although tttese 
mb<iels^4re all inconsistent with what we know about the electrical nmure 
of interatomic forces and quantum mechanics, they constitute afascinnting 
ilication of mathematics to pure physics. In particular, they proviqc by 
the best theoretical model for diffusion Iphe/iomena in gases, including 
(molecular) viscosity and thermal conductivity. Howevjer, in most engineer- 
ing problems, it is simpler and more reliable to assume empirical values of 
viscosity '/Lt, thermal conductivity k, and specific heats C,, or Cr, than to 
worry whjr they have the values tjiat they do, or why the raticS should 
take on a pailicular numerical value. 

If one does this, it is usually also much easier to estimate the small ef* 
fects 6f diffusion than the much larger effects convection xhayl 
discussed previously in the section on Hydraulics and Hydrodynamics. • 



Continuum Physics 

Mechanics is the oldest and ixw»st1ii'ghly developed branch of physics> « 
after geometry. Indeed, in^tke Encyclopadie der Mathematischen Wis- 
senschaften [33], SOOO-^^ages are devoted to mechanics, and only 2000 
pages to allthe rest of physics and physical chemistry. I shall briefly recall 
next a few of the basic ideas that mathematicized the other branches of 
physics^ at least in principle. 

,We all knoWNhat Founer showed in 1807-22 how one eould treat 
li^eneral initial and D^nmdary value problems for heat conduction in slabs, 
cylinders, and spheres by making suitable use of Fourier series and in- 
tegrals. His analytical methods were generalized and rigorized during the 
next 100 years by Dirichlet, Riemann, Poinca/e, F. Riesz, Plancherel and 
others. During the same period, they were brilliantly applied to a wide 
range of other wave phenomena by Helmholfz, Kelvin, Rayleigh, etc. For 
example, they helped Helmholtz to. design primitive speaking machincfs, 
simulating th^uman voice. / ^ \ " 

The development of a successful electromagnetic theory was much 
slower: the stepi involved have been ably reviewed by E. T. Whittaker 
[34], In 1857, Kirchhoff discovered tha^ the" velocity with which an electric '9 
disturbance is propagated along a perfectly conducting aerial wire is equal 
to the velocity of light^ [34, pp. 232, 254]. This simple arithmetic observa- 
tion was of ( apitai importan^re, because it gave the first indication that li^ht 
is an electromagnetic phenomenon. v 

Using assumed analogies with elasticity and particle dynamics to' 
guide his model-building. Maxwell was able in 1864. to present to the Royal 



93 



ERIC • ' 101 



^ ' ^ 

Uure of his new mathematical theory of electromag- 

netism/*'strippe4!lof the scaffolding by aid of which it had"first been 



Society the^rchi| 



erected" [34, p. 2lEr]. Nine years later he published the first edition of his 
classib Treatise mi Electricity and Ma^enism, staging in its preface that "I 
shall avoid, as m\ich as I f*an, those questions which, though they have 
elicited Uie skill of mathematicians, <have not enlarged our^nowledge of 
science/I • , ** . ^ 

About 50 years later, and 50 years ago, Schrodinger constructed his 
famous partial differentia! equations for atomic 'physics. Like Maxwell, he 
was guided by niechanical analogy. Although his equations are not invari- 
ant under the Lorent^. group of special relativity (and* electromagnetic 
theory in empty space), it is generally believed thai they imply all the laws 
of cj^emical reaction. 

As a result^ot these and other discoveri^es, one can claim that all of 
physics ha^ been reduced to a branch of applied mathematics. To 
paraphrase Lagtange, could we but integr£(te these partial {differential 
equations, we should be able* to predict all physical phenomena with as 
much precision as Newton's Laws en^able us to predict the phenomena of 
celestial mechanics. The main mathematical difference is that,. whereas 
Newton was ^dealing with ordinary differential equations, continuum 
physics in geperal involves partial differential equations. 

To perform this integration is already routine Jor heat~conduction in 
slabs and shells.'' IVToreover variations in physical properties (e.g., conduc- 
tivity and specific heat) with position and temperature ^ose no great 
problem. Whereas cla^ical ahalysis relied * strongly on linearity and 
homogeneity, mild nohhnearities and inhomogeneities are automatically 
' taken care of by modern numerical methods. . 

For the applied mathematician of tomorrow{$(one of the greatest chal- 
lenges is to fulfill this implicit promise, for example in aerodynamics 
and chemistry. Using mathematical analysis an^ the computer,, the ul- 
timate objective would be to replace wind tunnels and chemical test 
tubes by skillfully organized mathematical equalions, capable of being 
solved economically to the needed accuracy on a computer. I shaU 
discuss next the prospects ^for progress towards this objective during the 
next few decades. 



Scientific Computing 

* * r 

The methods of classical mathem^ical analysis achieved near mira* 
^les ip solving problems involving special geometries and linear partial dif- 
ferential equations. This progress depended on techniques such as the 
**separ^ation of variables" and eipansioys in<series of products of functions 
of one variable which we know\cannoi be applied effectively to general 
^geometfies or to nonlinear partial (differential equations. 




^ J, Namerical mathematics l^as no such limitlitions in pnnciple. Ind 
^already before World War I, Adams, Runge, St0rmer and others 
,^e_yeloped simple 'and practical numerical methods for solvirig gen 
* ^^tems of ort/mary differential equations. \ century earlier. Gauss, hav 
in mind applications to geodesy as well as astronomy, had invented Oa 
'sian elimination, baussian quadrature, and the method of least square^.^P 
In the past 30 years, the development of high-speed computers wa| 
large "memories" has enormously increased the range of economical appKv^ 
cation of known computing methods, and stimulated the development o) 
new ones. ,The resulting revolution in the art of scientific computiag has 
many basic implications for the future of applied mathematics, and these 
will be central to the rest of my talk. ' ' 

Linear Systeiiis. A good example of the kind of improvement that has 
occurred in the past 30 .years- is provided by the problerrv of solving large 
linear systems, of the form ' 

a'2\X\ -^d'Z'iXi + ... + a-inXn = b'l 



We can rewrite (3) io matrix notation as Ax = b. Gauss ah'eady solved 
many such systems fur n in the rangp 5-10. However, such computations 
were slow and had to bp done witft great care. To solve a single su( h system 
in 10 unknowns would have t«iken hours and (•osi arountfflO even in 1945. ' 
Whereas on a large modern computer, it takes a fraction of a second and 
costs around 0.03^ or so. * •» 

Boundary Vathe Problems. ^Likewise, although good difference ap- 
proximations to wide classes of partial differential equations were known 
before 1940,'^ to achieve adequate accuracy even f(tr Dirichle problems 
required solving linear systems (3) having several hundred unknowjis. Jo 
solve one such system ^ook months of work by a capable graduate student; 
hence the cost was of the order of $1000 perVase. 

In 1950, David Young showed how to automate some of these 
procedures ^ a,**succes$ive overrelaxktion" (SOR) method. Using SOR on 
today^s computers, one can solve in seconds a wfde variety of linear boun- 
dary value problems^involving functions of fito, independent variables. On 
a 30 X 50 ipesh, the cost might be around 15. The seepage of petroleum ih 
reservoirs and the diffusion of neutrons in nuclear reactors are two indus- 
trially important processes treated in this way. I shall discuss the applica- 



'^er L. V. Kantorovich and V ! Krylov, 4 pproximnt^e Methods of Higher 4 nalysis {Inter ^\ k'I . 
Acience 1958: first Russian edtUan, 1936). ^ri t ' 
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^ tionsof mathematics* to these processes'further in the section on Engineer- 
\ ingComputing.« 

Since T950, many other ingenious methods have been invented for 
solving such Droblems: conjugate gradient, alternating direction implicit 
(ADD, strong^ implicit, fast Poisson, and symmetric SOR (SSOR) to men- 
^* tion only a few.'^ During^he next 5 years or so, these should become 
generally available in the form of a LINPACK (linear systems sol^jjng 
package) currently being developed by the Argonne National Laboratory in 
cooperation with several universities. A similar EISPACK for solving 
eigensystems is already available; it will find all the eigenvalues and eigen- 
vectors of a 100 X 100 matrix at a cost of around $1. ' 

Spectacular and important though these advances are, it must be re- 
men^ered that most scientific problems involve at Ifeast three independent 
space variables, and often time*asAyelL Computing costs must be reduced 
by another factor of W before imix solution can be achieved systemati- 
cally by standard methods. Although "parallel processors" with many 
arithmetic units may contribute substantially to achieving this goal, we 
should not count our chickens before they are hatched! 

To be more specific, Fourier's equations only describe heat 
conduction approximately (neglecting variations in specific heat with tem- 
perature); convection is much more important in fluids, and its scientific 
description invoWes all the complications of turbulent flow, whose detajle^ 
description would require using billions of mesh-points. 

Similarly^one is typically interested in the propagation of electromag- 
netic waves through regions, often inhomdgeneous, who^e diameter is mil- 
lions or billionsr of wavelengths. Even using geometrical optics as a first ap- 
proximation, it will be very difficult to model such situations in any detail 
ofi a computen 

Likewise, the two-body problem for Schriniinger's equation involves 
aYi unknown function of six, and the three-body problem one of nine 
independent variable! To treat them with satisfactory accuracy will 
' require extraordinary ingenuity. 

In short, it can easily become prbhibitively expensive to gralify^ur 
scientific curiosity. Although dramatic advances have been and will con- 
tinue to be made in scientific^^ornputing, for every question that can be an- 
swered within a given compiling budget, there will always be 10 tliat can- 
not - even if the underlying phy^icsis well understood in principle. / 



''•For .SOR and \DI. d nood rpferpnc e Varna [.'^7 ]; for MpJ versions of the EI.SPA(.K pro 
jcram^.^ec [35] 
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Engineering Computing > , » 

' ) 

I think the jn-ealesi use of applied mathematics during the next 50 
years will be for engineering computing: the development of computer 
models of reality which are adequate for design purposes. This is a fine art, 
and by no means a science. f 

To illustrate my meaning, consider tfie us^ of SOR irf nuclear reactor 
design. Here a contin\ious range of neutron enef>aes extending from 0.03 to 
5 X 10* et; is typically simulated by four neutron **energy groups"; th^ finite 
mean free path, coherent scattering, and many molecular (chemical) in- 
fluences are neglected ofvery crudely approximated; and two-dimensional 
horizontal slices are spliced together by intuition and experience to Vpre- 
dict'' three-dimensional flux distributions in a mosi'ad hoc way. 

Or again, consider th^ unkno'^n jnacroscopic variations in permeabili- 
ty that must occur in oil-bearing sands, not to mention unknown details of 
boundary and interfacial configurations. These must be conjectufjfd" in 
practice from a subtle and complex analysis of the available com^putational 
and empirical evider]^.. 

Even iji thre much simpler geometrical problem of representing aiW 
designing^automobile body surfaces, the smoothing, **sweetenmg,'' anl 
piecing together of various design elements involves a complex interplay of 
digital, continuous, probabilistic and aesthetic con$iderations that can 
only be coordinated by a skilled and perceptive human being! 

In Irying to understand why such drastically oversimplified models 
can be reliable in practice, I hav? come to the conclusion that conservation 
laws play a fundamental role. Thus the total number of neiltrons change 
only through fission or absorption; the total volume and density of oil 
change only when the oil is forced into an oil well by pressure variations; 
and so on. A much more fundamental example concerns the mechanical 
equivalent of heat: the principle of conservation of energy (chemical, 
mechanical, thermal, and electrical) in its wider form The ^^irreversible" 
tendency of dissipative effects to convert mechanical and electrical ei>ergy- 
into heat (the **second law" of thermodynamics) is another basic example. 

Another potent tool is provided by empirical correlations, typically 
representing an average of many statistically varying quantities. The pres- 
sure exerted by a gas is a classic example; much less reliable, but often 
good to within 5 or 10 percent, are the empirical friction *Maws" for fluid , 
flow. Empirical laws of heat transfer for turbule*nt one- and two^phase coo- 
lant flow in pipes provide a still more complicated example. 

To apply such *Maws" successfully, it goes Without saying that an en- 
gineer must have a wijde experience not only concerning their statistical re- 
liability, but even more importantly concerning the qualitative phenomena 
(e.g., *'film" and **subcooled" boiling) responsible for the changes of state 
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Hydrodyriartiics). he must ex^cise engineering judgment in interpreting his 
compateroutput. ^ 

Whether or not he call§ Himself an applied mathematician, therefore, 
a person developing usefat mathematical gjiodels to help in solving en-, 
gineering desigp models should be familiar with a wide ratnge of physical 
and empirical laws, as well as with the methods of mathertiatic^t analysis, 
discrete approximation, and comffeler science. Conversely, I think there 
will be a gfeat need for such persons in the decades aheacl. ^ 
' . • * 

MathematicarEconomics « 

Quantitative (i.e., mathematical) methods are playing an ever-increas- 
ing role in theoretical economics.'^ Today, every educated person has 
heard about ''game theory,"- "linear programming,** and "optimization." 
and has a dim perception that such mathematical concepts play a central 
role in the analysis of widely a<^cepted economic models. 

He usually also realizes that the mathematical techniques used to 
^'maximize the payoff (at least in the model!) can be very ingenious and 
sophisticated, and may require a large computer for their effective imple- 
mentation. Fii|illy,he is aware that they were invented relatively recently, 
and is (righllyTsuspicious of the validity of the output. 

He is perhaps less conscious of the exlenHo which mathematics itself 
has already been enriched J)y the introduction of such new concepts, and 
wUl probably continue to be in the future. This is partly because, although 
mostly invented by nfiathematicians. they do not fit well into the now con- 
ventional framework of pure mathematics constructed by the famous M. 
Bourbaki,. and are therefore excluded from the normal graduale program. 

, This exclusion seems to nre most regrettablejhe theories involved are 
mathematically unimpeachable; current and future thinking by mathemati- 
cal economists can only enrich mathematics. \ 

The extent to which it will enrich our economy is. of course, another 
matter. As always, arithmetic and realistic logic are the most important 
branches of applied mathematics, and I find it astonishing that $o many 
academic economists have^climbed aboard the "growth rate-'' bandwagon, 
when it is so obvious that a 7 per.cent economic growth rate cannot be 
maintained for^ven 2 centuries. Currency inflation is the only area v^here. 
this growth rate can be maintained indefinitely (by redefminglinits). and a 
projected 50 billion dollar deficit for the third conseciitive year suggests a 
fifm desire to prove it ! . ; 

' • . r 



"*F«>r »nmp yiOncer viewH. Hpe [5] and [13] 
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Surprisingly also, both economists and'a^Qountants sedm to have lar- 
gely ignored the simple mathematics of inflation (except perhaps froi^a 
spc^culatjve standpoint; see [23]). ' ^ • 

Consider the following, not atypical example. A corporation amortizes 
$100 million of new capital investment over 5 years,^realizing a before tax 
paper "profh:**"^>C150 jnillion. Of this, it pays put $25 million in taxes and 
$20 miUion in diviflends, retaining $105 million for capital replacenient. 
Due to 9 percent inflatioQ, this now costs $150 million. The investing public 
must therefore subscribe 125 million besides reinvesting all their dijuidends 
(of wh|ch $8 million has incidentally been taken in taxes) to keep the 
company iit business. How much profit has the company really made, and 
how long will a ''capitalistic^ system tisingthis kind of accounting survive? 
< Related Fields. Although mathematical economics is more glamorous, 
and some of its mo^st brilliant theorists have been rewarded by the new 
Nobel prizes financed by Swedish ba^ks^ the related fleljjts of operations 
research [20], management science, and actuarial science [9] should be 
mentioned, as using similar mathematical techniques and offering many 
good career opportunities.'^ • , ' 

Another fa&cinating, related field is that of ''social forecasting'' and 
global resource allocation [19].**'H«re we are confronted with an extreme 
example of the main objection to applying mathematics to the social 
sciem^: one simply does not have enough 'da'ta to make mathematical 
models reliable. 



Mathematical Biology . ' ' 

Mathematical biology is another difficult area offering infinite chal- 
^ lenge to ambitious applied mathematicians. Here tribute should be paid to 
d'Arcy Thompson's pioneer classip [25], Jn which geometry and dimen* 
*sional analysis were suggestively ^tpplied to correlate and explain facts 
about the possible sizes and speeds of locomotion of animals, and the sym- 
metries of patterns occurring in Nature. A valuable sequel to this is N. 
Rashevsky's Mathematical Biophysics (Univ. of Chicago rf^s, 1938), 
whidi emphasizes physical (and not }ust geometrical) interpretations. 

, ^n imagiifative recent confribution in the spirit of d'Arcy Thompson 
is Rene Tl|om's well-pubUcized (by C. Zeeman) theory of '*mon|hogene- 
sis.'^** However, I think tfcat this is a fundamental contribution to pure 



'The combine^ membership of TIMS and ORSA alone is about that of the American Mathe- 
matical Society. ' 

"See Proc. Nat. Acad ScL 69 ( 1 972), 3828-38a] . I 
'•Rene Thorn. Stabiltte ^tructUretle et Morphcn^e iBenjamin, 1972). Questions of em- 
bryonic development are treated from a qualitative standpoint. 
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' c6mbmalorial lopology. From an applije^l standpoint, it gtee^ly ovcrsimpli- 
fies biolo^qcar reality. Thorn refers to ftvorphological ifan^rmation as if 
they were purely geometrt^ial deformations of homogeneous media,; 
whereas real biological cells have a very cortjpHcaied intemal^truciMre and ' 
a'skinfmeiribrartey • • - - 

A very different combinatorial approacli to the, related problem of 
DNA coding has been proposed by. Crick; a Veyiew'of work based on this 
approach is given by Golomb in. [30, vol. XIV^pp. 87-100], where the 
relevance of Paley's theoryt)f Hadamard matrices^* is explained. 

Deeper technically than any of the above, because it builds on a solid 
foundation of theoretical fluid mechanics Isee sec. on Qontinuum Physics), 
is Lighthill's briHiant and versatile mathematical analysis in .[14, Part I ] of 
the known mSdes of animal propulsion and locomotion. In [14, Part II ], he/ 
makes a similar study of human respiration and blood circulation.^^ 

Penelratinj; as these studies are, they do not reducd the aspects of 
biology treated to purely mathematical questions. Indeed, thky cannot until 
the condition for flow separation (whicjj determines drag a^ influences 
lift) in pure fluid dynamics has been predicted from first prirtciples (i.e., 
from the Nayier-Stokes equations/. Moreover [14.] ignoresVthe rich 
biochemical fjfienofhena that control muscle contractions and raud(^le tqne, 
and the psychological problems of coordination and control (e.g., i^^flying; 
swimming, and breaching). ' ^ X 

Another beautiful application of mathematics to biology concern^ the. 
Hodgkin-Huxley th^ry of nerve impulses in squid axons. This is reviewed 
in [32, cha^., 6]. B> including electrochemical factors in their mockl, 
Hodgkin and Huxtey have transcended the limitation to mechanical models 
of njost worker^ in the f^ld of mathematical biology. I suspect that this will 
set a new trend, and ihk\ the past emphasis on mechanical models stems 
from their greater familiarity (see sec. on Continuum^ Physics, beginning). 
To understand the liver, kidney, and other bodily organs, chemistry must 
sujely be invoked! ^ 

^ *\ 
Mathematics and Ps^cholojicy 

Among biological attributes, intelligence is surely the highest, ajid I 
shall conclude with some observations ^bout mathematical models of H^s^ 
mind or **psyche" -i.e., about mathematics and psychology. 

The great pioneer in this field was Helmholtz, who analyzed with great 
are our senses of hearing [8] and vision -i.e., how we perceive sound and 

»R. E. A.,f:. PaJtyJ- Math. Phys. 120933), 311,320. 

'•The lH>ianiral analojiue of bloi»d in ^ap, which rises under capillary and c^motv- pFessures 
(and tensions) up to 40 atmosphere^ See fM.ANTS «hd V\A\T S( JEN(.E. Enc Britt . 1971 
rditn>n 
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light Time has shown mairy of his ideas, .immensely suggestive as they 
were, to be greatly oversimplified. ' 

Thus in the^grocess of hearing, sound waves are tran'sraittied by an ex- 
tremely complex process from the eardrum to the cochlea, basilar mem- 
brane/ and associated hair cells. The physiology ^f all these is very Com- 
plicated, and nobody really understands how they (and the connecting 
nerves) can sort out musical notes, and combine the iiV^urgt^ressures 
P\(t) and pt(t) to produce stereophonic sensations. Von Bekesy gives a cnti- 
cel, hot very inathematical review' in [32, chap* 7]; he does not try to ex- 
plain how musical training heightens perception. , - 

As regards vision, Rashevsky*s,student Landal^thas produced 
theory of cofor vision, while Minsky and Papert--; have made a very 
analysis of *'perceptrons," a class of artifacts designed to recognize pat- , 
terns, an essential capability of human intelligence. The ultimate goal o^ 
Minsky and Papert'i$ the construction of a rpbot, caj/able of such human 
functions as building a brick wall, assembling a radio, or even proving 
mathematical theorems. • ^ 

Actually, in his famous 1937 paper, Alan Turing already designed an 
idealized computer (a so-called '^Turin^ifltebine"), capable in principle of 
proving any theorem that could be established Ijy the usual assumptions of 
mathematicai'logic. Moreover robots Vs^rt gradu^ally being introduced into 
^automated pTodbctiori processes. 

Intrigued by the idea that computers might rep^e mathematicians as 
theorem provers, I made a careful analysis ^ years ago of the practical 
prpblem of proying mathematical theorems by computer. My conclusion 
[1, 16] waa^at man<omputer symbiosis ^as the key^ to progress, and 
that: , • 

...To make this symbiosis truly effective, our society will itead Iifso 
applied mathematicians, both as numerical analysts to keep track 
of the approxifnatiotis which are made in modeling continua and, 
* e^n more important, to relate the output of computers to the scien- 

tific and engineering problems which they are intended to solve. 

*. 

I am still of this opitlion,'*^ ^nd I hope that Alan Perlis will'present 
further ^idence shedding light on this and related questions in his talk. 



«M. Minsky and S. Papert, Perceptrons (MIT Press, 1969), see aho F. Rosenblatt, "^p. 
63-96 in Stl/ Organizing System (Pergamon). 

^'Sinre this talk was fd^ert, the recent apparemp«*«HUiter-ai(led soflition of the four-color 
problern Kv Haken and Appel woul(f seem to siff^rt my conclusion. 
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^ COMPUTERS IW SCIENCE AND TECHNQLOGY 

, -introduction^ ^— 

• It is fashionable to use the computer as a pivot on which to treat move- 
'ments in our physical^and economic world, even in our social world. The 
computer is used as model and as metaphor. Every part of science and 
technolojjy has been infected and altered by it. The computer is the atom 
smasher, microscope and tele^^ope of the economic and social sciences. A 
more, adequate historian of science than I wiH be reqinred to measure 
properly the Integrated impact of tHis device on the ptofs^ess and plarts of. 
those areas'where it has become widely used. » * , ' 
^ The domestication of the computer has been s§ rapid,lhat one despairs 

of adequately characterizing it» role or predicting its futurel No other inani- 
mate device yet created by man shares 'this chameleop property of botK^ 
blending into the background and usurping the foreground of our diverse 
physical and intellectital interests. 

A misconception stifl shared by many is that the coriiputer is merely 
another multipurpose tool, a boy scout knife of our modern symbol world. 
A tool it certainly is, but^it is much njore. A more proper view of this mix- 
ture of metals and semiconductors is as a (static and dynamic) projection 
of the mind, albeit a currently quite primit'ivei)roiection. Many computer 
scientists have cjioien to characterize its role in that way. 

The literature is replete withxiescriptions of applications of computers^ 
in the physical and so^^ial sciences and technology. Little point would be 
served by merely describing or listing some of these applications in this 
papir. Instead I sl^all provide, a series of mini-essays on computers that 
may prove enlightening. 

^ ^ \ ^ . 

* How the Scientifically Trained Public Views the Coihputer 

The computer effects scientists and' science. The following points 
^ reflect tlie prevalent views held at the present time by scientists. Most 
scientists and technologists are a^are that they must be able to adapt the 
computer to their activities. Regardless of the degree of computer involve- 
ment in their affairs, the computer is seen as only a tool, though admittedly 
a very fl^jxiblfc one. ,This tool is lo be bent to the purposes af'hand muchTs 
* , any other technological stihiulant However, the notion is resisted that the 
computer has any deeper effect on the work scientists do than to improve 
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efficiency and to increase rales of production and ch^ge. It is recognized 
that the device is evolving. Both its internal functions and resources are 
being augmented rapidly, while its size and per operation cost are decreas- 
ing rapidly. Unlike the other high technology tools ♦used in science andj 
technology, the computer is the main product of a big business, and it i^ 
penetrating commercial activities in ways identical to those useful id 
science and technology. Furthermore, the computer business *is an em/ 
ployer of lar^ numbers of scientists and engineers who wDrk at llJs 
research boundaries of their respective fields. / 
It is known that an area of intellectual interest bailed computter 
science has sprung up. Scientists are both chauvinistic and tolerant wHen 
comparing their own science to others. Computer science, it is conceded, 
has a right to exist even though there is, as yet, precious little science In it. 
Things >vould be so much better if computer sciefitists would concentrate 
on making it easier for everyone to get useful work from a cdmput^r instead 
of studying or attempting to define the scope Df the field. In any evaht the 
core content of computer science is aciequately covered by the cmssical 
^cien^es: physics, mathematics and economics. I 

• Our society probably could not function at the accustomed levels of ef- . 
•ficiency and choice withcmt the computer. We are not sure whether this is 
good or bad, or if it shouldbe considered in ethical terms at ail* / P 
We do take pride in the fact.lhat the computer is primarily /kn Amer- 
» ican invention, and its widespread exploitation has been pioneered in this* 
-Country. A vital technology, running the full gamut of managerial arid en- 
trepreneurial concerns, J^as been created. 

Computers and their programs often refuse to run. The consequences 
may be enormous in loss of lives,1ime, and dollai^. Our dependency on the 
machine does not necessarily improve our controPovpr its operation. Frus- 
tration is a word that one associates ^uite naturally with%he computer: 
everything is possible, but nothing of interest is easy. It is difficuh to curb 
one's appetite for computation, it being easier tp know what can be done 
thai) to understand what should be done. Even when we know*^ precisely 
how to organize a task for the computer, we may not be able to program it 
successfully. Logistics, unforeseen second-o^der effects, and changes in 
designs intrude. Any atte|»|i{^to perform or manage a reasonably large pro- 
gramming ta^k makes us painfully aware of how necessary it is to acquire 
and master a disciplined methodology of programming. 

Above all we do wish that the computer field would slow its frantic^ 
pace of change. . We, who have not exhausted the usefulne3s of our Jpresent 
computers, are understandably upset by order of-magnitude imptoiements 
whose exploitation may require extensive rearrangements in oufbroblem- 
solving techniques. ' If 



How Much Have Computers Changed in 3^ Years? 

The allached figures, due ioE\ David [1 ], give some indicajion of size v 
and cost changes. The number of (stored^ program, eleclronicC^omputers ? 
has risen dramatically — 250,000 would not be a bad estimate for their cur^^ 
rent population. There has been a slow growth in augn\ented func- 
tions—addressing flexibility, index registers and ..floating^ poirTt, a' rapid 
growth is primary and secondary storage capa(^hies iind brute speed; an 
enormous increase in choice of input/output (I/O), modes. There is in the 
computer industry a ruthless sustained drive to eliminate ^ny/and all bot- 
tlenecks that impede the most efficient use of components. Fortunately 
there rs an almost inexhaustible supply of physical phenomena and materi- 
ak' from, which to fashion componentry. Production devices quickly follow 
prototypes: a 2- to S-year gestation period is normal. The computer is an in- 
strument whose destiny is uTRhilfilled. User wishes, entrepreneurial possi- 
bilities, and component feasibility mutually reinforce a rapid evolution. We * 
know 'the growth curve*^ will flatten out« bdt at what levels of capabilitywill 
this occur? 
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Fijfiore 1. Some hiatonf al and projected trends associated >«th computer development 

Nevertheless, the computer has not really changed its fundamental 
nature and organization since the EDS AC went on line in Cambridge, Eh- 
gland in 19^9. The nature of the machine is still dominated by the fetch-ex- 
ecute control cycle and a program, more oV less fixed in structure and con- 
tent, repetitiously analyzing batches of data. The design, sometimes called 
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-the Von Neumann model, has proved' durable and enormously useful. We 
have provided pre- processors and post processors to cpshion our contact 
jMith the machine. ^We have\interleaved and Synchronized parts, networked 
devices and defined any number of virtual machines resident on our hard- 
ware. The basic -model endures, and alternatives have become difficult 
evfen to imagine. The computer is a stable species, thou^ its physical 
"dimensions seem to be of unlimUeji variability. 

The exigence of a ^raiBle-model, subject to enormous number^ of use- 
ful variations, suggests some important pedagogic' approaches to educa- 
tion, both formal and informal, about the computer. Where the audience is 
heterogeneous in background and interest, one must commence the un- 
derstanding of the computer with its commonly perceived epidermis, the 
high level language and the virtual machine. Familiarity and pleasure with 
performance at this level by the student must be followed by a detailed 
sequeiKie of simplifications of both language and machine. Each step in- 
troduces a hew level of coding rij^dity with a consequent increase in cyn- 
ceptual machine simplicilyT Ultimately one reaches the level of microcode 
and micromachine. At this point logical design can be appreciated and sim- 
ple circuits studied. 

Such microscopic explorations are necessary to provide an Olympian 
overview so necessary for taking advantage of the flexibtlity laid before us 
by computers. One grows to appreciate many of the factors that determine 
the trajectory of the boundary between hardware and software- Nowhere 
is this ap^^ciation of the computer more valuable to us than when we 
mov^ to use the comj^ter in "frontier" problems. I refer to probfems ' 
where time, storage capacity anii machine organization are critical, ^ap- ^ 
ing our problem -solving methods and even determining whether computer 
solution is feasible at all. Every user of the computer, certainly every pro- 
grammer, should have the grand design of decomposition and synthesis 
etched into his skull, even if he is a tyro in cgmpuler technology or only 
dimly aware of the laws that govern choice of problem-solving method and 
machine. • ' * 



Appreciation of the Computer 

While the computer remains a stable species, uur apijreciatioryof what 
can be done on it has grown enormously in the past two de<*ades./rhe first 
appearance of the computer in many impfirtant scientific, technicfeil and so- 
cial applications is still taking place. The device's universality is gaining 
more and more . support, aqd society js increasingly opting for those 
developments where the computer can be hiost gainfully employed. 

We note that the introduction of the computer rarely leaves it as a 
weakly connected node in a problem chain. Actual use of the machine in- 
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duces changes in its embedding environment Separate and different from 
those predicted a priori. The act of computer programming indues a level 
of formalization that suggests, often requires, avenues of change. A system 
of communication is defined that must be managed (and exploited), for ex*^ 
ample, patterns of language and docuoientation. Usin)£ a computer is as 
ste^jping through Alice*s looking glasfi. In this new world syhta3^ dominates 
semantics, means dominate ends, a^d everything is a spedial case of 
something more general. The power to airt tffrough the computer seems 
limitless since the energy required is roughly HT^fie* verbal levfcL liowever, 
' it is only the power to act randomly (hence not at all) that is 9p cheap. Op- 
^ timal extension of a computer's role requires personal aim managerial 

Jscipline and organized. thought that -can only be obtained bf the expend!- 
^e of time engaged in arduous creative thought. Only thelearly steps of 
».i>mputer application, paid for by our previously acquired scientific and 
technical expertise, come cheaply. 

There are ways by which we c^' prepare ourselves for the increased 
involvement of the computer in/nir activities. jWe can become adept at 
thinking in terms of creating and managing computer applications. We 
think in term^s of pr(/cess and ret)resent our subjects of discourse as "sym- 
bol system^** [2\ The computer is no longer seeh as an obedient and pas- 
sive tool; it is the host tb, and manipulator of, our-syTftbol systems. Our 
processing is then alm^t totally within the system," and topical reference 
to the real world occurs only at the onset and conclusion of our enterprise. 

Mathematics is probably the most widfely uised aftd venerable symbol 
system. "Applied mathematics is the colleclien of symbol systems 
customarily used to model continuous processes, for exampfe, by dif- 
ferential equations. Thes^~ systems existed and flourished for at least two 
centuries before the computer, This device has not fundamentally altered 
applied 'mathenfM^cs, though it has fostered riplyrientation in many of its 
aspects. Thus we%have now come to accept a wider range of nteaning for 
the term ''solution of an appl/ed mathematical problem/' 

The similarity o£ all symbol systems in the computer, rega'rdle«^§ of 
their source, permits to conceive of« and mdHipulate, systems |hat have 
^o significant component within classical applied mathematics. A fliost im- 
portant, class of such systems is that loosely labeled "'artificial intelligence** 
Systems. Their programs do hot guarantee solutions to problems posed. 
Their iterative components do not necessarily coqverge nor can we isolate 
general conditions of either convergence or divergence. These processes 
^ emfioy heunstic .search and behave primitively much as we do whe(> we 
wander through strategies to solve huge combinatorial j)roblems. 1 « 

Let us consider a specific example, a symbol system t6 perform the 
synthesis of organic compounds [3]. No one has been able to isblate ah al- 
gorithm thatVill either specify the synthesis of.an organic compound X ot 
show that none such etists. do not know if such an algorithm is 6ven 
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possible. "However, we do know that symbolic systems for defining synthes- 
is exist in the minds of Sfcganic chemists. /V. ^ ^ 

I selectively quote from Celemter et al.: *\..the techniques and 
methodoiogy of artifTcial rntelligence- in .general, and heuristic pro- 
gramming in. particular, had matured io the point wl|j^e pft)blems of sub- 
stantial content and of interest m themselves ought to be selected by those 
engaged iirthat activity, e.^., organic synthesis discovery." 

It is believed by ' (;«lemteL^n(f 4iis associates that the difference 
between a feasibility demonst^tion and a system of generaj utility to, 
chemists is one of degree rather than kind. , n 

But of greatest importance to the future development of such and 
-other symbol systems is the observation that the mind adept at, and ex- 
perienced in, creating 'AI symbol systems is necessary to provide the 
skeletal organization and control in order that a threshold of competence 
be reached by such a pro^ammed system^ Kn(Jwledge of the'subject field 
alone (here organic synthesis) , is n<4 enough. Put another way, the 
threshold can be reached by computer scientists (my first use of that term) 
consulting with chemists, but is not likely Xq be reached by chemists em- 
ploying computer programmers. The organizational, control, and coding is- 
sues.are too fundamental and pervasive to be treated as appendages tothe 
organic synthesis paradigms. Instead it is the other way around! Gelernter 
found that.the (procedures for the genejr^tion of synthesis solutions do not 
djffer vastly from the pro(::edures he^used a decade eariier in a computer 
program' for theorem proving in Euclidean 4);eometry. Thus it was his ex- 

\perience with the geometry problem that emphasized the need to have 
linear symbolic formulae for representing compounds so that their machine 
processing could be adequately and efficiently performed. That which is a 
nolational convenience to the c'hemist is a piece of essential structure to a 
program. Recognition of this necessity and search for its solution is a 
dividend arising from concern with symbol systems, per se. The invention 
of Hnguistic structures relevant to a problem domain, that are machine 
processible, is a standard approach of the computer scie^ntist, and he in- 
vents in shnilai^ ways whether he is processing theorems, organic com- 
pounds, music, natural language, or what have you. 

I certainly do not ^ish to imply that matters dependent upon the sub- 
ject being studied are unimportant. Far from it.' Knowledge of cherpistry is 
critical to the^stablishnrient of chains of useful goals and pruning of search 
trees, for these are not syntactic issues, but semantic ones.'^owever, until 
such tim^ as experience and insight into construction of growing symbol 
systems become working tools of the scientist and technologisi, the com- 
'puter scientist must domina'te at least the initial development' of these very 
' important symbol systems. . - - ^ 

Of course one may ask, why build guch systems at all? Why lay bare 
our intuitive problem-solving genius? Qpe answer might be that depen.- 
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dence on the work of problem-solving geniuses is getting to be (oo great for 
the population of geniuses we have on hand. I doubt that reason. A more ' 
compelling reason for spawning such* systems is that each^such exercise 
adds to our own stock of knowledge abdut the problem-solving abilities of 
the mind. The only bound on that stock of knowledge that jve may tolerate 
is our ignorance, and hence the bound is reducible. Any other proscription 
is childish. 



Coqiputer Science « ^ < , 

Conaputer science is the study of the phenomena arising ai^und com- 
puters [4], and in particular, the study of symboPsystems that spring into 
existence on computers in response to phenomena. While many classical 
disciplines deal with symbol systems, only computer science is concerned 
with the dynamics of all such systems, from the phenomena thAt conceive 
them, the programs that represent them, the applications and theories that 
use them, and the machines that we create and stuff to hold and. manipu-' 
late them! 

There have always been algorithms, abstract pro-ams, but onjy with 
the advent of the computer has their number and ^diversity been suffix 
ciently'rich to suggest a nee4 for studies to classify an<^ approxi mate al- 
gorithms by other algorithms. Since Turing's epic work in 1937 we have 
/ known of algorithms we cannot describe, that is, that do not exist. How- 
' ever, of even greater importance ,is our growing recognition that certain 
problems have algorithms, but cannot have any that are useful. All these al- 
gorithms are exponential ip the use of some key resource. There are other 
algorithms that approximate exponential algorithms, i.e., give results close 
to optimal, are only polynomial in their use of a resource. We are wit- 
ness to the Dirth of a new numerical analysis, called concrete complexity 
theory, spawned not from classical applied mathematics but from combina- 
torics. Complexity theory is a fundamental topic in computer science. 

The creation of symbpl Systems, themselves a fundamental topic in 
computer systems, leads to linguistic inventions that fornn the basis of soft- 
ware, materialized on hardware. The definition of the software-hardware 
interface is a fundamental topic of computer science.. 

Among the symbol systems we create are those whose function is the 
generation of other symbol systems. We call this area of synthesis auto- 
matic programming. W^e must be careful to understand the range of 
meanings this evocative term is applied to. At one end is the historic com- 
piler that translates programs written in a user-preferred language such as* 
FORTRAN. into machine code programs. FORTRAN is a user-preferred 
language because the user may omit irrelevant details afid specify in a con- 
venient formal those details that must be included to fix the intent of his 
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program. At the other end of the spectrum is the ideal user languaj^e, state- 
^^ments of wishes that are transformed into a computer prop-am. Needless 
to say a symbol system capable of suchyansformations is well beyond our 
present capabilities. It is part of th^^sty optiqiism thdt flowers around 
computers that pushes us to searcn for programs with properjies that, in 
more ancient times, were exclusively held' by "djinns'' in lamps. Some 
progress can be reported. A program has been written [5] that produces 
a symbolic machine assembly language and its assembler for a computer 
given its formal description in a language called ISP. Work is underway on 
the production of programs that create the servicing progr^ams for the 
peripherals (tapes, disks, terminal, printers, etc.) of any computer for 
which a formal description of such peripherals exists. A n at liral^ medium- 
range goal of this automatic programming effort is the automatic produc- 
tion of compilers for arbitrary (newy ipachines in >vays that take advantage 
, of nMchine idiosyncracies. The study of, and creation of, programsnhat do 
what programmers do is a fundamental part of computer science. 

A Chronology 

Stretched behind us is a history of computers thrat is barely 30 years 
old. While some of us have witnessed this entire passage as participating 
adults, most people now engaged in computing have no't. In table 1,1 have 
listed a brief chronology of events that, in my opinion, have enormously in- 
fluenced the de.velopments we 'are wUnessing. It goes without sayihg that * 
there are events, bmitted from this list, that have contributed as much (or 
more) as the inclusions. The dates are chosen to identify an interval of time 
ratherlhan to pinpoint a year. No entry more recent than 1971 is included, 
not because nothing of importance has occurred since then, but because so 
much of equal impoi:tance is taking place. ^ 

h is natural that the ENIAC should head the list. 

ACM from its inception has been the technical society for computer 
people, and hs meetings and journals have provided the necessary forums 
• for displaying the technical growth of the subject and as an essential 
avenue of communication betweefi computer scientists and technologists. 

The ARPA (Advanced Research Projects Agency of the Defense De- 
partment) research program stimulated the development of computer" 
science as an independent suhject setting its own research and develop- 
^ment frontiers. The funding levels provided by ARPA were sufficient to 
stimulate artificial intelligence, graphics, speech and time sharing to levels 
deserved by the areas but not hitherto possible. 

Sketchpad, a graphicsr program on TX-2 at Lincoln Laboratories' 
opened up the possibility of computer-produced drawings.,Since that first 
program there has. beer) a steady development of programs and equipment 
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Table 1 . ^ BnefChronolofiy ^ 

(circ«) 

The first electronic di^dtal computer (E.NI AC) 

J948 The founding of the Associatio&for Computing Machinery (ACM) 

1946 The start of modem numerical ahajysis 

1950 The first comme^^ial computer * 

1952 The first programmrnK^aids 

1956 FORTRAN 

1957 The beginning of artificial intelligence , 

1959 The fir^t international computer conference (IFIP) 

1960 AL{;OL60 

1962 ARPA research program in computer science ($16 million annually and n«ng) 

1963 Sketchpad * 
1965 Time sharing 

1965 The first failure. JJJatural language translatii|n bx computer 

1%7 Artificial intelligence approaches {Practical utilization - Dendral. Robotics 

1969 The second faifure. 1BM:TSS for the 360/67 

1970 The ARPA network 

1971 The handheld solid state calculator 



capable of producing pictures in three-dimensional projected form, in 
color /exhibiting simulated texture and shading, and animation, all of the 
highest quality. « ' ^ 

A scientific area matures as much through recognition of failure as 
^through pride in success. Performing natural language translation on com- 
puters was an early goal of linguists and computer specialists. Adequate 
federal funding and computer access were provided. Within a few^ycars 
good progress in syntax analysis was reported. Sgxcral, excellent parsers; 
both of Russian and Englisli, were reported. M^tchuie-Teadable dictionaries 
were prepared. However, programs could hot be created to cope with 
meaning: Translation depended upon context, the semantic environment 
in which text was embedded, and programs did not **know enough" to 
recognize environments so t^hat sense could be preserved under transla- 
tion. This was true even for technical nfaterial largely divorced from litera- 
ry allusions. Some have interpreted the failure as evidence of an inherent 
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^ ' limitation of computjer programs, the definition of a boundary beyond 
which it ys futile to expect programs to go. I suspect that a willingness to ac- 
cept this view as the ultimate state of affairs is as prone to error as was the 
intemperate optiinism of computer people when they began their work on 
language translation. Work on language understanding programs, now un- 
, derway, gives some evidence that programs can be written that, in a limited 
. sense,* understand a context and can extract meaning from textual 
exchanges about the context. The language translation problem may yield 
piecemeal to th^ solution of good programs that ^know" about very limited 
environment and "know" very littl^ outside the environment. But this 
**very little" is substantially rrnne rhan zero. 

The second failure, TSS, exposed a problem: How to define and write 
very krge software systems that were correct. Thereby it caused the births 
of a discipline of programming, of a methodology of programming raanage- 
meiy, and of a conservatism of system design and goal that have become 
,,the hallmarks of ''software engineering." * 

The, chronology can barely intimate what has been occurring. An enor- 
- mous and vital industry has been created Ithat seems to make excellent use 
of the strengths of our society and seems unperturbed by our deficiencies. 

Our society is characterized by mobility: social, economic, en- 
trepreneurial and scientific. The computer flowers in such^n eny'iTofimehC 
and nowhere has it flowered as much as in the United States. While con- 
trolled societies seem to have the greatest nee^i to harness the^comput^r, 
the device flowers best in environments of great intellectual mobility. So let 
us continue to view the cumputer pot only as a tool for change, but as an in- 
strument, iinequaMed outside the mind, on which to indulge our intellectual 
fantasies and to verify our humanity. 

- • 
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tHE TECHNOLOGY OF ENERGY 

AmericaV Energy Background 

As the National Bureau of Standards celebrates three-quarters of a 
century of distinguished service to the nation, the United States is gearing 
scientific, technological and managerial strengths to deal with the com- 
plex energy problems that confront us. TKesituation today is far different 
from that facing the 2,600,000 inhabitants of the newly freed American na- 
tion. The energy resources available to our forbears were plentiful inde«^d, 
ba^ed predominantly on fuel wood from seemingly limitless forests b^^ed 
up hy falQng water ^and by wind. » ^ 

' .When the Centennial Year was celebrated in 1876, the population had 
grown to nearly 58 million and a new domestic energy resource had made 
its mark. It was^oaL Thid bjack fossil fuel had increased its percentage of 
the energy consumed in the United States from a little over 9 percent in 
1850 to around 50 percent. [1 ] Wood, water and wind — solar energy con- 
version—accounted for most of the rest. Petroleum, which HSidTbarely ap- 
peared by the time of the Centennjjal,^ccounted for less than 1 percent and 
natural gas for 1-1/2 percent. Despite tho advent of these fuels, coal was 
rapidly becoming dominant and by 1901— the year the NBS was 
created— accounted for approximately 57 percent of energy consumed in 
the United States. 

Its period of dominance, however, was limited. After peaking around 
1910, coal, like wood before it, gave #ay to fasl-rising petroleum and natu* 
ral gas. Their relative cleanliness, their energy content, their low cost, and 
their convenience were so attractive t^at when the NBS celebrated its 50th 
anniversary in 1951 they had reduced coal's contribution to about 35 per- 
cent of the nation s energy "mix." Today, the figure is nearly 19 percent. 
Even though 1975 production was up oVer 1974's by about 5 percent, the 
black fossil fuel is now being extracted at levels similar to those of the 
194(r8. " . 



The Modem E nergy Resources Mix 

In the quarter century between NBS' 50th and 75th anniversaries, 
natural gas utilization increased froih 18 to 28.4 percent and petroleum (in- * 
eluding natural gaa liquids) from 38 to 46 percent. Together, tt]e^ supply 
about 'three-quarters of the energy consumed in the Unitfsd States each 
year. This is graphically observed in figure L The 1975 share of natural 
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energy consumption supplied by hydropower was 4.5 percent and nuclear 
2.3 percent. ^ 

It is the clearly visible present-day dominance of oil and natural gas 
that is the cause of our energy crisis. Both are rapidly dwindling, ir- 
replaceable resources. While we rely heavily on them for most of our ener- 
gy needs, such abundant domestic resources as coal and uraniqm remain 
relatively underused. 

In November 1970, U.S. domestic crude production reached its all- 
time peak of just over 10 million banlsls a day. Since then/ output has 
8tei|dily dropped. During almost all of 1975 less than 8-1/2 million barrels 
a day were being produced. In December, the figure was &.2 million bar- 
y reb, and in March 1976 it dipped to less than 8.1 million barrels (fig. 2). 

This declining production inevitably is reflected i.nahe world arena. 
Back in 1938, before the Second World War broke out in Europe, we were 
producing 61 percent of world crude; in 1960 it was 33.5 percent; a decade 
kter, 21 percept; ahd.now it is less than 16 percent. Demand, meanwhile 
continues unaoated. / 

The situation 'foj natural gas is hardly better. Monthly production in 
the United States peaked a^ 1.96 trillion cubic feet in March 1973 and has 
been declining ever since — at a rate faster than oil. Reserves in the conter- 
minous states stand today at levels of the early 19S6|'s. Productioii^ring 
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Figure 2. TfojectA U.S. oil prodoctioD compared to production from 1920. Both cnide oil 
' and natural gas fiqoidt are included. In 1975, for example, total U.S. crude oil production 

^ was 3.056 thouiaiHt milUon barrels to whic^ were added 594 miliira barrels of NGL 
Beca|pr of the downward slope of the curve, the United States is now importing 40 percent 
of Its petroleum st an annual cost pf some $34 thousand million. (ERDA) 
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fjgure 3. Past and pn^jected natural gas production in the United States. Production fronrthe 
Alaska Slope irilLlielp gM (And oil) production for a wiple, but will not be too long- 
lasting! Ahbougfa gas production is now declining, consumption of this popular fuel 
increased 230.percent between 1950 and 1975. (ERDA) 



the final quarter of last year averaged between 1.6 and 1.7 triliioYi cubic feet 
per month.^e BurWireHlines places QVerall 1975 production at 20.1 tril- 
lion cubic feet, down from 21.6 trillion cubic feet in 1974 (fig. 3). 
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Even though there has been some slackening in overall energy de- 
mand since the winter 1973-74 Arab Oil Embargo, ihe gap between 
domestic p^uction and domestic consumption of oil and natural gas has 
widened. ^This gap has been filled by imports^ and tod^y we are not only 
bringing to our shores more oil than we did in 1973 (during the week ending 
March 12, for the first time in oift- history, imjjorts of crude oil and petrole- 
um products exceeded domestic production^iut a greater percentage of 
^ it comes from the very nations that participSed in the embarge. This is 
partly because some customary suppliers other than those of the Organiza- 
tion of Petroleum Exporting Countries (OPEC) ate cutting back on exports 
in the interest of conserving for future domestic needs. Canada, for exam- 
ple, last Novembej, announced a new export phase-out. From 750,CKX) bar- 
rels a day delivered to the United States in 1975, our neighbor to the north ' 
is scheduled to provide 460,000 barrels a day this^year and 255,000 barrels 
a day jupxl year. 1980, the figure is to drop to 45,000 barrels a day, then 
10,000 in 1981, and nothing ^n ^982. Canada's traditional export of a trillion 
cubic feet of gas a year may also disappear by the early I980's. 

Regardless of the foreign source of the more than two out of every five 
barrels of oil, consumed in the United States, imports are ccJstly. As 
recently as 1S70, we paid about $3 Ifillion a year for imported oil. Last year, 
the bilUclimbed to $27 billion, a ninefold incr^e. If it had ngt been for 
agricultural exports amounting to $22 billion, the nation wouW have been 
in serious balance of-payment difficulties. The impert percentage is ex' 
pected to increase through 1980, then decrease for 5 to >0 years as Alaskan 
6il makes its impact, then increase again. 

By jextracting over a hundred billion barrels of crude in'a century or so 
of production, we have seriously depleted our domestic reserves. In fact, 
according to the latest U.S. Geok)gical*urvey study [2 ], only about 34 bil- 
lion barrels of measured and 5 billion barrels of indicated economically-ex- 
tractable reserves remain for a total of nearly 39 billion barrels. Another 23 
billion barrels of inferred reserves may exist onshore and offshore. U.S. 
measured reserves compare with some 315 billion barrels in the Middle 
East and 49 billion in the Soviet Union. , 

As for natural gas, ab^t 500 trillion cubic feet already have been used 
up, slightly more thaniffEe total remaining economically-recoverable mea- 
sured (231 trillion cubic feel) and inferred (202 trillion cubic feet) reserves 
in our country. The reserve figures for the Sino-Soviet area are 736 trillioa, 
cubic feet and for.the Middle Elst 594 t^llion cubic feet. 

Faced with these somber facts, the Director of the Geological Survey, 
Dr. V. E. MCrKelvey, q^mmented that . .ev^n if we are lucky in explora- 
tion, we will soon have to start shifting to other sources of energy as the v 
msinstay of our supply."' Makirig this shift is gping to be no easy matter 
But it mu^t occur, for even Middle East reserves*are finite. We are not like- 
ly to enjoy. a leisurely phase-out of oil arid gas as figure 1 illbstrates we'did 
when we moved away from reliance first on fuel wood and later on coal. 



J 9 • 



1^ ' - I 

The^Kifl to^n Alternate Enersry Sase / ^ 

/ As we begin to reduce our present ^Exaggerated and unrealistic 
reliance on oil and natural gas, we should ke^p a number of facts in mind. 

First, energy ei)d'Use\pattern$ and the e/ntire economic infrastructure 
are wedded lo these tWo fissil fUels. The inertial resistance to changeover 
thus is going to be profound and time-consmhing. • ^ 

Second, this toieans that the United States will rely on oil and 
gas— domestic and iraported-for a long time to come, even though efforts 
are augmented now to move away from them. 

Third, in all likelihQod, we will have to deal with the OPEC suppliers 
for an indeflnite period. They control more than 65 percent of the oil in the 
non-Communist world, part of which keeps our nation moving. 

Fourth, there is no short and easy road tojijards increased energy self- 
sufficiency. Onfy by exploring and eventually demonstrating relevant ener- 
gy technologies and by developing a firm conservation ethic caij we assure 
the future energy self-sufficiency of our nation. 

Finally, we need not degrade our air and water enVironn>ent as we shift 
away from oil and natural gas to multiple new energy options. With the aid * 
of appropriate control technologies, we can enjoy a clean environment and 
adequate energy; they need not be mutually exclusive. 

When we talk of energy self-sufficiency, we tend to think in terms oT 
5, 10 or perhaps even 15 years. Such vision is necessary becausfe of the long 
lead times in adapting new energy technologiesr to the marketplace and the 
-requirements ofTuture generations. Regardless of the lifestyle they elect to 
follow, our children are going to need energy, and so will their children. 
The decisions we make today will to a large extent determine how they live 
tomorrow. . 

In the past, the growth in the tise of energy in our country has b^en im-^ 
pressive. A hundred years ago, the 58 million Americans then living used 
a little over 100 million Btu's per person. The 215 million of us now- 
celebrating jheJBicentennial Year are consuming nearly 340 million Btu's 
per capita, a more than threefold incre^e. 

More significant than this, however, is what happened in recent years. 
During the decade preceding the Ar^l/ Oil Jlmbargo, the annual pate of in- 
crease in U.S. energy demand was a^jout 4.3 perceil^This led to the Uaited ^ 
States with less than 6 percent of jhe Earth's popi^^^n accounting for 
about a third of all energy consumed! Looked at from the per capita view- 
point, the average American todayjuses^about six times more energy t^an 
the average inhabitant of the world ^ a whole. 
, Just ffs ener^ use in our coumry has grown in the ptfl^so it is pre- 

dicted to do so in the future. From 71 quadrillion Btu's consumed in 1975, 
we may be using something like 82 quadrillion Btu's in 1980, 99 quadrillion 
JBlu's in 1985, 115 quadrillion Btu's in 1990, and 156 quadrillion Btu's in 
2000. ' , 
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The EnaUbhment of ERDA 



To guide'the nation effectively towards a multiple-option energy mix 
«• in which such growth can be accommodated, the Energy Research and 
Development Admini^stration (ERDA) was established on January 19, 1975. 
Although it was — and still is — a new agency, many of its components are 
not^ In accordance with the Energy Reorganization Act Of 1^74 [3], the 
functions" of the forna^ Atomic Energy Commission except those of a regu- 
latory nature; the energy research and development facilities, capabilities 
and personnel of the Department of Interior's Bureau of Mines; and ail of 
. the Office of Coal Research were turned over to ER&A. 

The energy agency also absorbed the Natichial Science Foundatiop's 
solar and geothermal programs ^nd the alternative automotive power 
systems functions from the Environmental T'rotecti'on Agency. These re- 
lated elements and selective later recruitment have provided ERDA with 
a solid personnel and facility base from which to chart the natipn's energy 
course: 

Creating a new energy agency was one thing; charting a course the 
United States can follow towards increased energy independence is quite 
another The Federal Nonnuclear Energy Research and Development Act 
of 1974 [4] required that ERDA develop a national energy program and 
then explain its ration|de and the steps recommended to implement it. 
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The National Enei^^y Plan 

Accordingly, in late June^f last year, ERDA's report w^s presented to 
the President^nd to the Congress covering a ''National Plan for Energy 
Research, Development and Demonstration: Creating Energy Choices for 
the Future.'* [5] 

One of its fundamental conclusions was that no single energy 
technology or even select groups of technologies could provide the flexibili- 
ty and independence the nation requires. 

To achieve such flexibility and independence, and to allow for some 
failures in the RD&D pro^ess,jthe report emphasized that ''mujtiple op- 
tions [must be provided] which, taken all together, could exceed per- 
ceived need«." (Sec fig. 4.) The curtailment of any major existing H)ption, 
such as the enhanced use of nuclear power or coal, would place such heavy 
and perhaps impossible demands on all remaining options that a signif- 
icant reduction of crude oil and gas imports might not be achievable. 

' In revising the National Energy Plan this April, accmint was taken of 
various technical and scientific advances; trends in OTiergy demand and 
production; new data on energy resources and reservep; regional, state and 
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Figure 4. Known «nd potentially recoverable U.S. energy resources. The tiny s<(uare in the 
inset (upper left) gives a perspective on U.5: annual energy consumption measured in 
U.S. quadriDion (10>*) BTU^s or **quads.*' In 1947, energy consumption wa^ 33 quads, in 
1973 rose to nearly 75 quads, and in was about 74 quads. It is estimated that the cumu* 
Utive energy^ requirements from 1975 to 2000 will be about 2,400 quails if an ag^essive 
conservation program is carried out; otherwise, some 2,900 quads inU be consumed. It 
is noted that petroleum and natural gas are our least plentiful retirees yet we rely on 
them the moat. Meanwhile, the United Sutes has three tim es y nauch shale as oil and 
• natural gas and six times as much coal. If we graduate from tight water reactor to breeder 
reactor techn<>logy, some 60 times as much energy can be extracted from U.S. uranium 
resei^res. Solar and fusion potential is essentially inexhaustible. Unshaded arefis indicate 
energy available from resources usingr^urrent technology. Shaded areas indicate potential 
energy contribution from new technology developmi^nt/ (ERDA) ^ 



local concern over energy developments and events; commercialization 
prospects for advanced energy technologies; institutional, r'egulatory and 
legal matters; international developments; and many other facf^rs. Despite 
changing situations in all these areas, most ofthe principal conciusiohs of 
the original ERDA48 Plan of June 1975 remain valid-today. 

Some shifting in emphasis is noted in ERDA'76 [6] — the popular 
reference for the revised Plan — notably ihe elevation of conservation 
technologies to the category having the highest priority for research, 
development and demonstration support by ERDA. By conservation, we 
mean the more efficient use of energy as well as |he reduction of needless 
waste. , 
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National Teehnolofy Goals 

To estal^lish prioritfes in technology RD&D ^nd to develop strategies 
W implementation in the commercial sector, the Plan sets forth eight na- 
tional energy technology goals: 

* expand domestic supplies of economically recoverable, energy- 
producing raw materials, such as oil, gas, coal and uranium; 

* over the longer term, increase the use of essenti^y inexhaustible 
domestic energy resources, for^ example, electrical conversion of 
solar energy, deuterium in the oceans using fusion power, and urani- 
um 23ff withtreeder technology; 

* transform such abundant fuel resources as coal into more desira- 
ble end-uSe forms, that is, into clean-burning liquid and gas sub- 
stitutes; 

* augment the efficiency a|?d reliability of the' processes used in 
energy conversion and delivery systems — improved converter-type 
nuclear- power reactors, for example, antl better electric power 
transmission and distribution; 

* change consumption patterns to improve energy use, an example 
being the introduction ^ solar heating and cooling technology into 
the residential and commercial building markets; 

* increase the efficiency of end-users, §uch as improved automotive 
/'^"^ > vehicles, appliances, and industrial equipment; 

/-perform basic and supporting research and technical services 
'"^-^ directly and indirectly related to energy; typically, these include ex- 
ploration and resource ass^tssment, nuclear fuel cycle support, and 
fossil fuel transportation such as coal slurry lines; 

* protect and enhance the general health, safety, welfare and en- 
vironment during the course of. energy development and systems 
implementation; the introduction of environmental control^echnolo- 
gies and the establishment of standards of environmental per- 

• formance of each technolojgy concept are included in this area. 
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Strategic Approach to Energy RD&D 

As the National Epergy Plan evolved, various research, develop ment-** 
and demons(rati($h progra/ns wdre recommended to implement these pri- 
orities, all with the aim of facilijtaling the changeover from a^diminishing 
base of oil and natural gas resources to a broad range qf alternative — and 
much less limited— resources. 

The exploitation of these Resources will require the development of 
n^any new energy technologieis. Since the private sector is the main 
producer and consunjer of enck-gy, it is going to be up to it — and not the 
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government — to assume the principal role of moving these technologies 
from, early development through the demonstration phase and into the mar- 
ketplace. The rote of ERDA, and of other Federal agencies involved in 
energy, is and must remain supplementan^ 

, Ultimately, the action^ of private enterprise and of the market forces 
that shape »them will change the energy ifyx of our nation. Whereas fossil 
fuels — coal, oil and gas — now supply nearly 94 percent of the overall ener- 
gy requirements of our country, by the year/2C|pO they may only provide 
between 65 and 70 percent. Nucledr's contribution is expected to^se from 
the current 2.3 percent to between 25 and 30 percent; hydropower and 
geothermal systems may account for approximately 4 percent. Solar heat- 
ing and cooling should contribute an additional few percent. 

The principal recoverable resources of the United States (in thermal 
equivalent^) that are likely to provide moat of the energy out to the end of 
the century are summarized in table 1. ERDA-76 (the revised Plan) esti- 
mates in column 6 are compared with those of the earlier ERDA-48 irt 
column 2. The new assessments are basejl on different interpretations of 
then-available data and — in coal's case — on an upward revision of reserve 
estimates. 



First Strategic Element 

\ Although the first strategic element of both -the original andTCvised 
versions of the National Energy Plan addresses U.S. needs during the next 
decade, ERDA;76 added a 5-year planninjg. projection .which, it is contem- 
plated, will roll-forward evecy year. This skort-range look ahead will focus 
principally on conservation and will continually be monitored for succc^sses 
and for failures. 

C4^nservation Techniques 

Recognizing that even a decade is inadequate for the development of 
whole new energy systems, ERDA'76— as >ve have already noted -as- 
signed top national priority to those conservation technologies which act 
immediately to reduce energy consumption. Such technologies will be ap- 
plied towards creating more energy^efflcient buildings,* consumer products, 
industrial processes, 4nd individual and. public transportation systems, 
Among the reasons for the heightened emphasis on conservation are: 

Each barrel of oil saved is one less that needs to be imported. 
Conservation, combined with pro-ams le£(ding towards fuel sub- 
stitution, act to reduce dependence on foreign oil. 




Table I. Recoverable energy:,^ounxs of the'Umted^tates 
" (In thermal e^valenU) « • * 



RMource 



Uniu 



Data from ofRcial reports used in ERDAt76 



Data in 
ERDA-48 
report 



Demonatrated 
reaenret 



Additional 
r^urces 



Total 
resources 



Sources and explanation 



Coal 



Nafural Gas 



Petrdeum ' 



Shale Oil. 

Uranium 
Gopthermal 



Quads 
Quads 
Quads 

Quads 

Quads 
Quads 



12,000 



»755 



»800. 



1^ 
400 



4,900 



244 



246 



/ 

900- 
102 



untDA iiau bated on the U.S. Geologica] Survey "^higfa probability** 
timatet and includiiiff reaourcea producible through techniques to enhance 
O tea. 



16,500 



706 



704 



. 473 

900 
3332 



21,400 



950 



950 



1300 
3.434 



ERDjV-48 excluded hypothetical resources 
and those in areas likely to be closed 
to mining. 

Estimates based on ^'mean values** of 
U.S. GeologicaTfll^ey range of undis- 
covered resources. ^ 
Es^'mateSi based on ^'mean values** of 
, U.S. Geological Survey range of undis- 
' covered resources. 
Western and Alaaka^ ^hales 



yielding 



25-100 gal/ton. 
Utilized in light water reactors.," , ' ' 
Recoverable heat with present or near 

-term technology. 



* Crude oil and natural gas liquids. 
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* It generally costs less to s^ive a barrel of oil than to^Jroduce Or im- 
port one. 

^ * Energy conserved i» environmentally beneficial. 

* Capita] needed to increase energy-use efficiency is normally less 
than that involved in producing an equivalent amount of energy; this 
is because new energy supply technologies are highly capital-inten- 
sive. ' * 

* The near-term use of existinjg technologies can generally be ap- 
inlied by the privVtg^^sector with a lessened^need for government 
assistance. 

* Conservation also helps to preserve for future generations the 
limited^egacy of fossil fuels and uranium left to us by nature. 

Backing yp conservation are parallel near-term programs to convert 
waste materials to energy and to utilize, on a broadened scale, conventional 
domestic energy resources. Efforts in the latter ^ea are directed (1) 
towards the enhanced recovery of oil and natural gas by fluid injection, 
massive hydraulic fracturing and other techniques in identified fields, and 
(2)^e discovery of new fields, offsWe as well as on. 



Light Water Reactor Program * 

Equally^ important to the U.S. .energy picture during the coming 
decade and beyond is the increased use ^nd improvement of light water 
nuclear reactors fot electric power generation. As of January 1976, a total 
o( 58 nuclear ^ctric generation units was operating in the United States 
with a capacity of 39^95 MWe. Construction permits* have been issuedior 
another 69 units totaling 70,773 MWe and limited work authorizations have ^ 
been released for 18 more with a capacity ofJ7j364 NfW^. In addition, 
there are 72 units on order as of the first of the year. They are expected to 
add 82v835 MWe to the nation's overall nuclear electric capacity [7 ]. 

Considerable concern has been expressed as to the safety o{ nuclear 
reactors, yet during over 1,700 reactor-years of commercial and light- 
water military reactor experience no melt-down or other potentially serious 
nuclear-related accident has occurred. So safe has nuclear power been, in 
fact, that in trying to determine the possibility of accidents one must'use 
theoretical predictions rather t han ac tuarial tables. 

Commercial nuclear power's excellent safety record has not 
diminished efforts by the Nuclear Regulatory Commission, by ERDA and 
1>y industry to insure continued safe operations. Typical of the activities 
now under way is the advanced safety'system design program which seeks 
to identify alternative designs for lower cost yet highly reliable safety 
systems for emergency cooling, containment and core coolability. 

Concern has also arisen as to nuclear fuel supplies. According to 
ERDA studies, the nation's identified uranium resources are adequate to > 
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supply the lifetime fuel requirements of reactors now operating, under con- 
.struction or planned, as well a» those of additional reactors that may cpme 
on line in the near- and mid-terms. ERDA's National Uranium Resource 
Evaluation (NURE) program puts. US. resources of UaOs recoverable at a 
production cost of |30 or less a pound at 3.56 million tons. Of these, 640,000 
tons are known reserves and 2.92 million tons are potential resources [8]. 

Efforts are now being stepped up within NURE to locate new supplies 
of uranium ore in ow country. But, as important as new ore discoveries are, 
we need to increase simultaneously our all-too-limited enrichment capabili- 
ty. In recognition of this fact, the President late in February again urged 
Congress "to give high priority to my Nuclear Fuel Assurance Act to pro- 
vide enriched uranium needed for commercial nuclear power plants here 
and abroad." This act, first recommended to Congress in June 1975, would 
^ permit ERDA to negotiate and to enter into cooperative agreements with 
the private sector enabling it to commercialize enrichment operations. 
Such an approach not only is consistent with the overall policy of moving 
energy technologies into the marketplace as soon as practical, but 
promises to close an obvious and serious shortcoming in t^ie fuel cycle. 

Industry has proposed four enrichment projects that it is willing and 
able to undertake. These are based on the conventional gaseous diffusion 
approach as well as the newer centrifiTge method. ERDA. meanwhile, is ex- 
amining still anothel^and potentially more economic uranium enrichment 
concept involving laser isotope separation. ^ 

With the prospects improving fo^- jncreased industrial participation at 
the "front end" of the fuel cycle. ERDA will be able to concentrate more 
heavily on filling in gabs at the "back end." This involves the demonstra- 
tion of technology reldtfed to spent-fuel reprocessing, the recycling of 
recovered uranium and plutonium, and the development of long-term 
dispo^l techniques for radioactive wastes produced by commercial reac- 
tors. Progress in these areas eventually shouFd permit the private sector to 
assume responsibility for both the. front end and the back end of the 
nuclear Fuel cycle — under appropriate controls, of course. 

In recent years, the public has voiced its concern over the processing, » 
the handling, and particularly the disposal of radioactive wastes. These in- 
clude highly penetrating fissjion fragments and traces of plutonium and 
similar elements collectively termed transuranium elements. * From the 
handling standpoint, the most difficult wastes are the fission fragments. 
Yet, the volume that would accumulate during the rest of this century from 
a thousand commercial nuclear power plants would occupy a space of only 
about 100 square feet. In practice, of course, such wastes would not be 
stored in one place but rather in multiple containers probably in terminal 
storage sites within stable geologic formations. 

For over three decades ways and means of protecting the biosphere 
and underground waters from these and transuranium wastes have been 
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studied and developed. The liable geologic formation approach sterns so 
attractive that this year we 01an to demonstrate a site in a deep-bedded 
New Mexico salt deposit. 

Jn view of political instability in n^y parts of the world ^nd continu- 
ing acts of terrorism, the possibility is not necessarily remote^that terrorists 
0^ other groups might be tempted to divert nuclear materials. Substantial 
increases in that portion of ERDA'S budget devoted to nuclear controls and 
safeguards reflect this possibility. v 

The major thrust ofERDA's safeguards prograntis to assure tite sifety 
of ail light water reactor fuel cycle facilitfes in our country. To help accom- 
plish this, computer models have been developed that allo\^us to measure 
and evajuate safety and control systems against a wide range of potential 
accident and threat situations. We are also developing new technologies 
that account for as well as physically protect nuclear materials on site and 
while being transported. y. 

Around fixed installations, for example, armed guards are supple- 
mented by multiple physical barriers equipped with alarm devices. Strict 
control is maintained over facilities and operations at all times. Thus,<;riti- 
cal areas are continuously monitored by television, and multiple communi* 
cation systems are used in close cooperation with local law enforcem^t 
agencies. Also, all principal security control facilities are hardened against 
possible armed attack. When huqlear materials are shipped f^^bm one site 
to another, armed guards and special armored vehicles are employed. Each 
shipment is. traced at a control center which is in frequent radio or 
telephone communi^ration with the transporting vehicle. 

The adequacy of uranium reserves is but one factor favoring the in- 
creased use of light water reactors for electricity generation in our country. 
Others include price, wfth nuclear holding a clear edge over competitive 
coal-fir^d systems in the northeast anld an app^reii!^ cost advantage for the 
Atlantic coast, the southeast, and the in la^i pr^f Lakes region. These 
areas are expected to require about three-fifths of the added electric power 
generating capacity ^ut ta^he end of this century. By way of comparison, 
coal has an apparent cost advantage in the mid-continent and Rocky Moun- 
tain regions, while a stand-off exists for the Pacific coast. 

As far as the average costs of electric power from various fuel sources 
is concerned, during 1975 nuclear was a little under 13 mills per kilowatt 
hour, coal somewhat over 17 mills per kilowatt hour, and oil more than 33 
mills per kilowatt hour. -But this is the direct consumer- related part of the 
story. It has been estimated that because of the u^e of nuclear power^ the 
United States during 1975 around 300 million barrejs of oil were conserved, 
many of which would have been purchased from abroad. ^ 
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Thc^expandpd exploitation of America's vast coal resources is also 
contemplated fo|r the 1985-2000 mid^ter^: Co^l now remaining in the 
ground, according to a U.S. Geolop-SaWUrvey study pubUshed last year 
[9], totals ^estimated 3,968 billion short tons, a 23 percent increase over 
PCevious estimates. Of these, 424 biUion tons constitute the identified 
^serve base and 1307 billion tons, additional identified resources. About 
percent of our total reserves -some 200 billion tons-is beUeved to be ex- 
tractable using conventional technology. Thi# alone is five times the esti- 
mated cumulative production of coal in the United States. 

In exploiting this coal, emphasis is beiAg placed on fluidized-bed com- 
bustion for industrial process heat and some utilities. This process of burn- 
ing coal-removes more than 90 percent of the ej^itted sulfur dioxide and 
reduces nitrogen oxide and particulate matter to levels under those 
estabUshed by tht Environmental Protection Agency for new coal-burning 
installations. Improvements in stack ^as cleaninf^d nitrogen oxide con- 
trol systems are eAected to make the use of ooal increasingly acceptable 
from the environmental point of view. 



Second Strategic Element ^ 

^Our analyses, revtal that unless immediate action is taken, a serious 
Uquid and gaseou* fuels "gap" is likely to appear in the mid-term period. 
By then Alaskan oil production is expected to have peaked and begun to 
drop off while thgt in the conterminous states Continues its inexorable 
decline. Preventin^the gap from occurring, then, forms the basis of the 
National Energy RD&D Plan's second strategic element. 

Several approaches to reducing liquid and gaseous fuel consumption 
appearnecessary to ward off the looming mid-term crisis. One caUs for the 
continued development of end-use conservation technologies. Another 
involves increased reUance on geothei:mal, solar heating and cooUng, and 
other under-used resources and on the extraction of energy from waste 
heat. Concurrent with these efforts are others to enhance oil and gas 
recove^ from domestic fields and to derive synthetic substitutes from 
coal, oil^shale and Wur sands. 

Qeothermal Resources 

K 

' It IS estimated that by the beginning, of the mid-term, 0.8 quads' per 
year may be produced from g^otliermal resources found in many regions of 
the United States. This contribution could well grow to 4.4^qtia3^ear by 
the^end of the century, and 18.6 quads/year by 2020 [10]. Geot&mal / 



resources are defined as identified and still-to-be discovered stored heat 
that can be recovered and used with tecl^nology that is or soon n>ay become 
available. Five basic types of such /resources have been identified: (1) 
hydrothermal^convective, (2) Kol dry'fock structures; (3) so-called normal 
gradients which are conduction-dominated areas within the first 10 kilome- 
ters of, the crust; (4) high-temperature molten magma; and (5) 
geopressured water reservoirs [11 ]. Table 2 indicates those resources that 
•can ht tapped with near-term technology. \ 

In early April of this year, ERDA reque^d proposals, for geothermal 
R&D in the-fc|llowing areas: (1) engineering and economic studies on 
nonelectric applications of geothermal heat; (2) improving and developing 
well logging tools, instruments, and materials; (3> conducing field tests of 
stimulation methods with the aim of improving ^nd prolonging geothermal 
well productivity; and (4) testing of wells in geopressured aquifers. 



Table 2. Geothermal resources -estimated recoverable^ Heat with present 
^ ornear-termtechnolggy^ 

Quads (quadrillion BTU) 



* 



Resource type Known ^ Inferred Toial 



Hydrothermal convection 
V^por (fominalcdOlSO **Q 
Liquid donupAted 
High UmperAture (>150 
LovytemperAture (90-150 "C) 

Geopiessured 
Eftecifical utilization 
Methal^e production 

Hot dry rock structures 

Magma 

Total 



2 


2 


^ 4 


20 


110 


130 


80 


250» 


330 


100 


230 


330 


500^ 


1,500 


2,600 


^ 80 


240 


320 








80 


. 240 


320 


862» • 


2,572* • 


3,434* 



^ »Docj^^ include (1) normal gradient* of heat in the earth, nor (2) hydrothermal convection 
systems of less than 90 temperature. 

*These figures should be rounded off to 900, 2300 and 3^S00, respectively, to indicate that 
they are rough estimates based on many uncertainties, most particularly with respect to 
magma resources. Since Hiesa^ are presumably renewed from deep within the earth, they 
may in fact be much more significant than indicated in this table. 
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" Solar Heating and-Cooling 

I ■ ■ • - \ • 

Solar healing and cooUng technology is expected to advance briskly 
and by the mid term could be making a significant impact, particularly in 
the residential sector The Federal part of the National Program for Solar 
Heating and CooUng includes (1) demonstrations of hot water heating and' 
space heating as well as combined heating and cooUng for residential and 
commercial appUcations; (2) development in support of the demonstra- 
tions; and (3) research and advanced systems development in solar heating 
and cooUng technology [12,13]. , 

Progress has already been substantial. The first large-scale demon- 
stration of solar energy in residential housing was announced in mid-Janua- 
ry of this year by the Department of Housing and Urban Development with 
the awarding of $1 miUion in £RDA pass-through grants for the installation- 
of 143 units in 27 states. Th^n in February, ERDA selected 36 complete 
systems for solar heating, wa^r heating, or heating ahd cooling of re- 
^ sidential and commercial buildings as technically acceptable for use in the 
demonstration program. Still more recently, in early April, ERDA an- 
nounced the selection of 34 nonresidential buildings in 22 stLtes and the 
Virgin Islands for the instaUation of sol^r heating and/or cooUng systems. 

Among th^ many tasks facing those involved with the national solar 
heating and cooling program is the need to identify factors that restrain the 
widespread utiUzation of solar systems and to se«k ways of removing or at 
least mitigating them. Constraints range from the lack of trained personnel ' 
to install, start-up and operate new and unfamiUar solar heating and cooUng 
systems to the reluctance of financial institutions to provide mortgages^/ 
homes incorporating tfiem. SUch reluctance is understand£a)le for we are 
dealing with a new technology and an industry that is still in its infancy. 

As the solar industry develops, as objective standards evolve, and a^ 
information is more widely disseminated, developers, builders and 
customers alike may begin to understand that savings in operating costs 
over the Ufetime of an individual housing investment may more than offset 
the higher-than normal initial installation cost of solar based systems. It is 
interesting to note that several states have enacted laws to provide proper- 
ty tax exemption for individuals, commercial entities, and institutions that 
install solar water heating and space heatingi%nd cooUng in their struc- 
ture^. ^ " ' 

The utilization of waste heat may also become important in the mid- 
' term, helping thereby to reduce demand for Uquid and gaseous fossil fuels. 
Today, our society discards large cjUantities of low grade heat into the at- 
mosphere at points oT generation (powerplant sites, factories* homes). 
Ways of utilizinj^the energy content of this residual heat must certainly be 
explored. 
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Probably 4:he most important mid-term approach is directed ^t new 
ways ofobtaining ptl a*id gas from domestic resources. For institutional and 
other rea^ons^ their use will almof t certainly persist for as long as they are ' 
ecOn»mi{^4Uy available to the public. The question is, where are they going ^ 
tocome'f/Sm? ^ . ^ 



Enhanced Oil and Gas Recovery 

IVear-term enhanced crude oil and natural gas recovery techniques are 
certainly going to be vigorously pursued, on-shore and off in the "lower 48" 
and in Alaska. It is estimated that ^ to .40 to 60 billion barrels of crude oil * 
may become economically produciSe through the ^plication of advanced 
(tertiary) recovery methods. Th^ resource base in which this oil is being 
searched consists of an estimated 290 billion barrels of normal-gravity oil, 
107 billion barrels of heavy oiK and 30 billion barrels of bitumen [14]. 
These flgures compve with measurecftbserves pf a little over 34 billion 
barrels anci^ndicated reserves somewhat under 5 billion barrels. As for 
natui*^ gas, #resource base of some 600 trillion cubic feet may exist, which . 
is considerably larger than the 237 trillion cubic feet of measured reserves 
in our,coutitry. ' ^ 

Among the appit»aches being investigated to extract hitherto un- 
reachabhe oil are fluiift injection and thermal and chemical techniques. 
Requests for pmpo^Ig^ere released in IMe Decemberof 1975 for coopera- 
tive ErtDA-indiAffyndd demonstration projects using a micellar-polymer ' 
chemical fIoodin^4>ro<^s^. Detel^ent^ike micellar chemicals /ue used to 
ease the oil following >|^ch poiyi^j^thickened watjsr is employed to 
control and dire^Hh/P micellar cbemfcal flow. Plain water is then used to 
force the oil-cly^fcal mixture to the^well. .In February 1976, similar 
requests ^r proposals were made for projects, using improved waterflood 
techniques. ERDA's aim is 500^,000 barrels of oil per day of increased 
production. . » 

A nbrftber of proj/ects ire under way to^stimulate gas production in ' 
tight formations throjioi the use of fracturing techniques. On^of these is 
massiva hydraulic fracffurfng and another is chemical explosive fracturing. 
In both cases, the ide*ajs to induce fractures and fissures in tight geologic 
formations, exposing thereby* the gas resources to the weU bore. ERDA 
hopes to use sucb techniques in meeting its 1985 goal of 3 billion cubic feet 
adlay of enhanced recoveiV of gas. * 

SyntheticTuels. » V 

' Ih additiojr to enhancing the i^iovery of naturally-occurring oil and 

gas,, technologies ar^^vailable for demonstrating the economical and en- 
* 

«. . • ■ 



^ronmentally acceptable extraction of oil and gas substitutes from coal, oil 
shale and t^ sands within the President's Synthetic Fuels Commercializa- 
tion Program [15]. Synthetic fuels, popularly known as synfuels, are al- 
ready being produced on an experimental basis in the United Slates and 
programs for scaling up to demonstration plants are actively Under way at 
ERDA. Among*the elements of the program are (1) the liquefaction oTcoal 
to yield boiler fuels and c^de oil substitutes for refinement, and (2) the 
gasification of coal to yield low-Btu fuel gas for electricity generation and 
for industrial processes and high-Btu pipeline-quality gas for residential 
and commercial uses.^ 

In the oil shale sTrea, industry participation is being sought to'demon- 
strate the feasibility of recovering oil by in situ (removing part of the shale 
by mining) retorting methods and to determine the best fracture or explo- 
sive nibblizing technique for the resources involved. Projects td demon- 
strate ways df recovering oil from tar sancjs are also being developed. 

Assuming that appropriate legislative, l^udgetary and administrative 
actions are tak^n soon, the production of synfuels could reach a million, 
barrels a day of oil equivalent by 1985. A full-fledged industry could be 
built up during the following 10 years or so, leading to the production of at 
least 5 million barrels a day by the mid to late 1990's. Typically, a commer- 
cial size plant would produce 50^00 barrels of oil a day or 250 million cubic 
feet of gas a day . 

Third Strategic Element 

The third strategic element of the National Energy Plan is concerned 
primarily with the needs of our descendents living in the 21st century, 
though efforts taken on their behalf may contribute to the U.S. energy pic- 
ture by the 1990*8. This element seeks ways to exploit what are essentially 
inexhaustible energy resources — energy from deiiterium found in the 
world's oceans, energy from uranium-238, and energy from the Sun. The 
technological development of these resources hopefully will lead to suc- 
cessful breeder reactor, solar power, and fusion reactor systems. 

Breeder Reactor v 

The first of t^ese, the breeder reactor, offers the long-term prospect of 
unlocking the energy potential of uranium-238 (and of thorium-232), and 6f 
converting it tor electricity and perhaps to some extent to industrial process 
h«at. Whereas conventional light water reactors generate energy almost 
completely through the fission oT U-235« breeders are able to utilize U-238 
which constitutes the overwhelming percentage of the uranium brought out 
of mines. The breeder concept is based" on the fact that through neutron 
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' bomBardment essentially nonfissionable U-238 can be converted to fis- 
sionable isotopes of>plutonium and, in addition, nonfissionable thorium-232 
6^ be converted to fissionable U-233. 

The breeder, which is attractive because it promises to increase the 
energy value of domestic uranium reserves 60 or more times, has proven to 
be a technologically sound concept. Indeed, eight breeders are in operi|jon 
in various parts of the world at this time, includi^i^ three in the U.S.S.R., 
two each in France and the United Kingdom, and one in the United States. 
Th^ American entry is the Experimental Breeder Reactor No. 2, which is 
currently being used for fast- flux irradiation testing of fuel and structural 
materials. It operates at full power with a plant availability of between 60 
and 65^^cent. 

^^f^fit, Liquid Metal Fast Breeder Reactor at^ Clinch River in Tennessee 
[16/ represents this country's principal effort to demonstrate tlie commer- 
cial^asibility of the breeder concept. The projgram is aimed at developing 
a broaoHechnologjcal and engineering base from which a competitive com- 
mercial b^eder industry can emerge, hopefully sometime beginning in the 
1990's. It aso seeks to demonstrate to the utility industry and to the publy: 
that in addition to being economical, the breeder is a safe and environmen- 
tally^ acceptable energy source [17]. Utilities and industries have b^en 
closely involved with the LMFBR program since its inception. 
^ To fulfill LMFBR objectives, seven piincipal areas requiring rigorous 
effort have been identified. First of all, the reactor co^ is being redesigned 
with the aim of improving,j>erfor^ance and plant economics. Secondly, 
mechanized and automated fuel production methods are being developed 
so that fuel element fabrication costs can be lowered. In this context, ad- 
vanced fuels are being investigated that will not onl^ generate mor^power 
in the core at lower costs but will permit the breeding of new fuels at faster 
rates. Other efforts include improving the coolant system, cortiponents, 
and fuel processing and recycling; developing new construction materials; 
and studying and addressing safety and environmental aspects of breeder 
design and operation. The projected start-up date for Clinch River opera- 
tions is 1983. By 1986, sufficient operational information should be accu- 
mulated so that an ERDA decision regarding LMF3R's commercialization 
can be made. 



Solar Electric Power * ♦ ^ 

The second long-term energy option open to the United States involves 
the generation of power frovi the Sun. Based on estimates of the total solar 
energy incident on this country during an average year, and postulating a 
10 percent collector efficiency, a mere 4 percent of this energy could 
theoretically meet all projected U.S. requiremei>ts at ihe end of the centu- 
ry. 
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Four technologies are bein^^ve^ped to caffture the Sun*8 energy: (1) 
solar thermal electric (which can also supply industrial process heat and 
space heating); (2) solar voltaic conversion; (3) wind energy conversion; 
and (4) ocean thermal conversion based on temperature differentials oc- 
curring between surface and deep-water layers [12]. (Other renewable 
ocean resource options include waves, tides, salinity gradients, and cur- 
rents; all are being investigated.) 

The greatest potential appears to lie in ERDA's solar thermal activi- 
ties. These involve systems that collect solar radiation and convert it to 
thermal energy. Subsequently, the heat is transferred to a working fluid for 
use in generating electricity; or, alternatively, the heat is transferred to a 
total energy system to provide both electricity and thermal^ergy. 

Two types of «uch systems are being considered at the present time: 
(1) a central receiver where a large array of Sun-tracking mirrors or 
heliostats concentrates solar radiation on a central thermal collector 
(boiler), and (2) a distributed thermal collector that uses a large array of 
small concentrating systems^to collect the radiation. Steam produced in the 
boiler converts thesSun's energy into electric power through a turbhte and 
generator. y 

ERDA is developing aT program whereby it plans to seek proposals for 
the location and operati^ of the nation's first solar thermal electric pilot 
plant of the central receiver type. Construction is to begin in 1978 with 
completion set for late 1980. When ready, the plant is to have a 10- 
megawatt electrical generating capacity and is to be integrated into an ex- 
^ing utility network. 



Fusion Reactor Technology 

ERDA is pursuing a long-t^m program to harness the energy resulting 
from the fusion of the nuclei of deuterium with tritium, both of which are 
isotopes of hydrogen. The former is available in virtually unlimited quanti- 
ties in the world's oceans, whMe the latter ijs obtained from lithium found 
both in water and in the Earth's crust. To permit fusion to occur, light ele- 
mental nuclei in the form of a plasma must be confined at high densities 
and temperatures (--100,000,000 degrees C). 

Two parallel fusion approaches are being investigated by ERDA, one 
involving the magnetic field confinement of fusion fuel and the other in- 
volving inertial confinement by means of laser or electron-beam energy. 

The principal magnetic systems -tokamak (a Russian word for to- 
roidal Aiagnetic chamber), theta pinch, and magnetic mirror- all require a 
combination of high temperatures, dense plasmas, and long confinement 
times to permit a sufficient number of fusion reactions to take place [18]. 
The tokamak is a low-density closed system receivir\c about 65 percent of 




ERDAV femphasis, the iheu pinch is a high-density system with 15 per- 
cent, and the magnetic mirror is an oRen system also with 15 percent. 
Another 5 percent is reserved for exploratory concepts. 

The OaR ilidge National Laboratory's ORMAK device has demon- 
strated that magnetic confinement improves a? the square of the plasma 
size, and has further demonstrated pUsma heating up to 15,000,000 °C. 
More recently, in December of last year, the Princeton Large Toms en- 

' tered into operation. It isHhe first experimental device in this country large 
enough to produce conditions approaching those required^for fusion reac- 
tors. Beyond the PLT a still larger tokam^k is scheduled to be built and 
should be capable of burning deuterium and tritium fuel on a sustained ba- 
sis. It has been designated the Tokamak Fusion Test Reactor. Other 
devices being constructed for the tokamak program are: the Poloidal 
Diverter Experimeot, Doublet III , and the Impurity Study Experiment. 

^ In Maith of this year it was announced that the Lawrence Livermore 
Laboratory's 2X-IIB experimental magnetic mirror device achieved a fac- 
tor of two increase in the product of fuel density and temperature over what 
had earlier been considered theoretical limits. The magnetic mirror 

. receives its name from the fact that strong magnetic fields are used at both 
ends of the device to reflect or mirror energetic fuel particles back into the 
system. The 2X IIB is tjie major experiment in the ma^ietic^nirror pro- 
gram: others are Baseball II and LITE. Scyllac, the principal device em- 

' ployed in the theta pinch effort, has achieved "ignition" temperatures of 
50,000,000 °C. 

Magnetic fusion program milestones are: (1) production and un- 
derstanding of reactor-level hydrogen plasmas in 1978-19^; (2) production 
of substantial quantities of thermal energy in the tokamak fusion test reac- 
tor in 1982-1985; (3) production of substantial quantities of electrical ener- 
gy in experimental power reactors in the mid 1980's, and (4) the operation 
of a commercial scale demonstration power reactor by the late 1990's. 

The laser fusion concepts under investigation at ERDA rely on the in- 
ertia of material which is made te implode towards the center of a spherical 
^ geometry. This results in the compression of deuterium-tritium fuel pellets 
to densities on the order of a thousand times the density of normal solids / 
and in heating to ''ignition'* the thermonuclear reaction. Energy is releasejr 
in the form of x rays and high-speed atomic pdrticles which are coffverted 
to heat by absorption in the surrounding chamber. Laser fusion plants are 
expected to use their heal to generate steam for electricity and perhaps for 
chemical processes. High-energy electron beams can also be focused on 
fuel pellets, providing a potentially viable alternative to laser-driven fusion. 
A comrpercial-scale inertial confinement demonstration fusion p^mer plant 
is projected for the mid- 1990's. ^ 
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. Among^ many advantages inhe^t in fusion reactor technology 

^ VirtuaDy infinite fuel supply available at extremely low cost. * 

* Safety; no possibility of nuclear nflwify. 

* No cbemicat combustion products involved, and no after heat 
cooling problems associated with accidentai coolant loss. 

* Relatively low radioactivity and attendant hazards. 

* As weapons-grade nuclear materials are n<n employed, concern 
over diversion for terrorist or blackmail purposes doe^ not arise. 

* Considerable siting flexibility, permitting fusion power plants to 
be located near centers that will utilize their^nergy output. 

Complementary to the National Energy Plan'I third strategic ap- 
pr9ach is the development of technologies that will be needed to Accom- 
modate the distribution of the essentially unlimited sources of energy just 
reviewed. It is expected that this energy will appear primarily as etectrici- 

-^y- Hydrogen may also assume ah important role as an alternate fuel in the 
Itmsportation and other sectors of our society. The conversion of biologi- 

. «dly degradable materials Tbiomass") to such fuels as alcohol or methane 
gas may evolve into still another important energy technology for the long- 
term. 

r.RDAD Priorities ^ 

■ * ■ • 

To accomplish near-, mid- and long-term energy goals, national RD&D 
p'riorities have been tentatively established. Only by setting stich priorities 
can resources be allocated effectively to the RD&D process with the 
reasonable expectation that a given energy technology will be ready when 
it is needed. 

Priorities, like all else in the National Energy Plan^ey-^nd of neces- 
sity must be -flexible. For example, the development of electrification and 
hydrogen fuel technologies has been given a relatively low priority today. 
Their positions, however, are apt to rise as confidence in breeder, solar 
electric, and/oF fusion power systems increases in a decade, or so. 

Table 3 ranks the many RD^P>iechnologies in which ERDA is in 



volved [6]. Regardless of the level) now assigned the various energy 
fechnologies, all to a greater or lesser extent must be -and indeed are be^ 
ing— pursued. There are a number of compelling reasons for (his. ^ 

The research, development and demonstration of one » or more 
technobgies may fail or become seriously delayed, making it prudent that 
back-up options 'be availably at all times. Then, too,.^he bng term ap- 
proaches have not yctlieen proven to be technologically, much less com 
mercially, feasible, and will require an Extended period of development. 

Furthertnore, in order to^nake the importing of significant quantities 
of foreign energy a matter of choice rather than of necessity, a broad range 
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TABli 3. National ranking of RDAD technologies 



HIGHEST PRIORITY j)EMANp 



NeaT'term efficiency fcoi]|senration 



» Conservation in buildings & consumer 

products ' ' 

^ Itt^ustna] energy efficiency 
o Transportation efficiency 
« Wasle materials to energy 



HIGHESt PRIORITY SUPPLY 



M^or neaT'tfrm energy systems 



Neif source of lic^ij^s and gase^ for the 
nud-term ^ / 



« Coai — direct i|tiii£ation in industry and 
utilities 

« Nuclear-converter reactors 

° 'Oikand gas — enhanced recovery 

" Gaseous and liquid fuels from coal ^ 
" Oil shsile and tar sands 



**Inexhaustible*^^MimfiC^iiHDe kMig-term 

' / : 

/ 

IMPORTANT TECHNOLOGIES 



Breeder reactors 
Solar electric systems 
Fusion systems , 



Under-used mi2l-1l^rmnec biologies 



T^hnologies supp 
electrification 



ung intensive 



t 



Supporting technologies being explored for 
the long'term 



^ Geothermal ' 
° Solar heating and cooling 
» WaCte utilization ^ 
# 

<^ Electric conversion efficiency 
o Electric i^wer transmission and distn- 
bution 

Electric transport 
» Enctgy storage 

^ Fuels from biomass 

» Hydrogen in energy systems 



of new teclmologies ihust be introduced at the earliest possible time. Still 
another reason for avoiding new technology^ start 'Up delays is the possibili- 
ty that so^e seemingly attractive energy systems may not be fully — or even 
partially — exercisecKbecause of environmental, ec^omic, social or other 
essentially nontechnological restraints. 

ilt behooves us not to underestimate *these restraints as the nation 
yes from limited to less limited and eventually almost unlimited alterna- 
tive energy resources. Many environmental, social, institutional, regulatory 
and other realities must be faced and public acceptance gained. The latter 
is vitally important, forjt is the public that 4 s going to be most affected by 
new and often unfamiliar energy technolo^es and the subtle changes in 
lifestyle they are almost certain to bring about. 
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New Facilities and Equipment 

As the United States begins to adapt these technologies on a widening 
scale, enormous investments in facilities, equipment and trained man- 
power are going to be needed in the years ahead. Table 4 gives the number 
of major facilities that, according to one of our scenarios, may he required 
by the year 2000. 

The listing is not additive because different technologies se;-ve the 
equivalent enexgy markets in different ERDA scenarios. 



Table 4. Major energy facilities potentially required by the year 2000 

Facilities Potential number required 

Coal-fired power plants 220 
(1000 MWe equivalent) 

Light- water reactor power plants 370 
aOOO MWe equivalent) 

Breeder reactor power plants 80 , 
(1000 MWe equivalent) 

Geothermal power plants 400 
(100 MWe equivalent) ' * 

Solar electric power plants ^ ' 200-400 
(100 MWe equivalent) 

, Coal mines 2.000 « 
^ (milbons of tons/yr equivalent) 

Oil from thale plants 80 
(50,000 b/d orl equivalent) ' 

Coal liquefaction or gasification 140 

plants , ^ 

(50,000 b/d oil equivalent) • 

- Solar heated and cooled buildings 10-15 
(millions) 

* Fj^at pumps (millions) . 26 

Electric ^automobiles (millionsr ^ 15 
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Cooperative Federal Role in Energy Development 

Because the development of new energy technologies and the facilities 
to exploit them requires long lead-times with attendant economic and other 
uncertainties, potential customers may be reluctant to provide investment 
capital when it is most needed. Close Federal cooperation with the private, 
utility and production sectors, therefore, ha^ been and is being encouraged. 

Such c(k>peration can include risk -sharing during the critical phases 
of research and technology development, price supports coupled with non- . 
recouj^e guaranteed bans, accelerated depreciation,' investment tax 
credos, and the enactment of favorable regulatory policies. Gevemment 
help is also crucial in recr^hciling the operational characteristics of new . 
energy systems with environmental, health, safety, and other require- 
ments, t ' 

Also, on their own. Federal centers and laboratories conduct RD&D 
that can substantially contribute to the overall energy picture. 



ERDA-NBS Pi^granvi 

Many Federal centers and laboratories are involved, not only those at- 
tached to ERDA. Of the agencies active in the ener^ field the National Bu- ' 
Teau of Sfandards is conspicuous for the breadth of its contributions. In 
fiscal 7ear 1976 alone, ERDA transferred to the NBS S5.8 million in spend- 
ing authority which has been added to a S3 million c£tfTy-over. With tliis 
funding, a'total of 44 separate projects grouped in five major program areas 
is now being supported. 

Approximately $1.3 million have been allocated to evaluating energy* 
related inventions submitted by individual inventors and small businesses. 
After wprking ti^r way through an intensive screening process, attractive 
candidates may be given ERDA development support. Of the 3,000 inqui- 
ries^received up to mid-February 1976, 1,200 have passed the screening 
review established by the Office of Energy-Relate^ Inventions. Of these, 
400 wen* f**^prfed frr fir^f-ftfag** evaluation, 200 already have been evalu-. 
ated, and 25 succeeded in reaching second-stage evaluation. Thirteen of* 
this group subsequently entered the process ^nd^five by mid-February 
worked their way through yielding two inventions that have b6en recom- 
mended to ERDA for support. - . 

In anotl^er program area, some S2.4 million have been budgeted for 
such fossil energy projects as materials research related to MHD on the 
electrical conductivity, viscosity, and chemistry of coal slags, the develop- 
iTient o£ test methods to determine erosion and stress corrosion of metals in 
coal gasification plants, and the study of the damage of catalysts used for 
fuel cells. 
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— - Within the conservation Vea, supported by $L8 million, the NBS is 
Evaluating ihe performance of ^ test faciUty heated by solar collectors and 
at the same tiifte is stuclyin^ the energy performance of buildings to deter- 
mine how much insulation and other energy related modifications they may 
require for maximum fuel economy. For industrial use, data are generated 
and improved methods are developed to measure flow rate, temperature, 
and chemical composition of hot gases a^Jlames in efforts to yield more 
efficient combustion. Tests of the substitutidn of waste products have also 
* been carried out in paper and cernent production. 

Another area of great importance ^^EIRDA is energy distribution and 
transmission. This involves about $1.2 lipillion dispersed among such NBS 
projects as the evaluation of instrument^ and methods to measure electric 
fields near high-vohage transmission lines and the investigation of insulat- 
ing materials that may be used for super-conducting underground electric 
transmission. Another $2 million is represented by NBS' nuclear activities, 
including the calibration of new types of neutron exposure dosimeters used 
by reactor personnel, and the gathering of atomic and molecular data re- 
lated to magnetic confinement and laser-induced fusion. 

These are but examples of the important work the National Bureau of 
Standards is undertaking-^ work that contributes significantly to America's 
energy programs while strengthening the scientific and technological 
prestige of the United States. — 

After a decade or more of questioning the meaning and worth of 
science and technology, Americans are now realizing that of themselves 
they are neither good nor evil. How science and technology are employed, 
the purposes to which they are put, areVhat count. 

On an ever-broadening scale, science and technology are being ap- 
plied to improve the condition and to assure the integrity of our 200-year- 
did nation. In late March, President Ford again urged that Congress^p- 
prove his $24.7 billion budget fqr research and developnie>nt in the fields of 
energy, defense and space, an 1 1 percent increase over his 1976 estimates. 
In the energy area, he requested a 35 percent increase in ERDA's budget 
authority for fiscal year 77 over that of FY 76. 

Half of the increase, $805 million in budget authority and $613 million 
in outlays, is for energy research, ^levelopment and demonstration. Reflect- 
ing the importance he attaches 19 science and technology, the President * 
has requested that Senate and House bills relating to the establishment of 
the White House Office of Science, Engineering and Technology Policy be 
acted upon as soon as possible. 

Contrary to the idle dreams of a few, our nation and all other nations 
are going to demand vast quantities of energy for as far into the future as 
one is able tb predict..What we are setting outio do today will make that fu- /' 
ture secure, for without energy, society as we conceive it would crumble. 
President Ford said recently, fully recognize that this country's fu- 
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ture — and that o^all civilization as weU, depends on nurturing and drawing 
-on the creativity of men and women in our scientific and engineering com- 
munity.** The truth of this is compelling. There. ca|i be no turning back to 
the sinipler nonscientific, ndtftechnological Ways of the past — if, indeed, 
they were simpler. , 
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« THE FUTURE ROLE OF ENGINEERING 



A conimon auA short definiuon of en^neering describes it as the appli- 
cation of science and technology to the benefit of mankind. On this 75tl) an- 
niversary of the National Bureau of Standards, an institution which has 
contributefl so much to the nation thipugh its en^eering expertise, it is 
pertinent to ask: Is the United States employing scienye and technology to^ 
t!ie fullest on behalf of our society? This is not the same as inquiring; Are 
we following up every clue to nature's undjscdvered secrets yid are we 
building every machine it is technicaUy possibi^ ^ builjd? These latter are 
very different (and partly foolish) questions. W^seek here to know rathei- 
whether our scientific and technological knoW'hojw is being applied avidly 
where strong potential exists for a net, high social reward for the^pffort. 
' . To this serious question I submit ^he answer is "no." While our nation 
today has more capability in science and technology than ever before, we 
are using it le3s-less as a fraction of the full, beneficial possibilities. 
Science and technology, fully employed, could improve the value of our 
resources, natural and human. These tools could be put to work to develop 
additional products go economically and socially advantageous as to war- 
rant the investment of the required resources and whose production could 
create new jobs to reduce unemployment. Further research could lead us 
to methods for increasing supply and lowering costsj&s a counter to infla- 
tio;i, substitutes for materia ls in s jiort supply, and ways of acquiring raw | 
materials and manufacturing^wK^we need with less harm to tHfe envifon- 
ment. But we have become slower, more timid and less inn(fvaUve in apply- 
ing science and technology toward inch possible endtf. 

Lethargy and negativism regarding research and development are 
especially penalizing to the U.S. society because our values an^ habits^are 
so strongly based on a generous availability of the fruits of advancing 
scien<fe and technology. Our high standard of living is rooted in many 
decades ol such advance. While some folks may prefer a life less depen- 
dent on high production of goods and seiwice, political experts assure us* - 
that no approach to our social and economic problems is politically viable 
if it contemplates the average citizen's accepting a substantially reduced 
persofid supply. It is equally unrealistic politically to expect those living in 
substandard conditions to give up aspirations for a better life. If these are 
political truths, then as practical corollary truth, the tools of science and 
technology must be used vigorously, because such use is indispensible for ^ 
a feasible ..y)proach to national problems. * * , 
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" Of course, when we speak here of employing technology^ we specifi* 
cally do not mean the unthinking application «f it, jhe mis^use of technology 
on projects and products the public does not in the end pally want and that 
^ bring us more harm then benefit. A high rate of technological advance we 
recognize as. not automktically synonymo\is with happiness. Also, we know 
tliat eyen if all implemented technological pro-ams were selected to 
please 4he great majority of citizens, we atill would not be guaranteed a 
healthy economy ind happy society. If the government and the public han- 
dle badly other (nontechnology relatedj decisions,' we can have inflation, 
neces^n, unemployment, high polli^tion, urHan problems, and numerous 
other ills all at once. However, without a strong engineering foundation,' our 
needs will ^lo^ be satisfied^ Science and technology are not sufficient. But 
they ai^ necessary, - ... 

" /They^re eas^pntial to the United States f»r more than domestic 
tranquility. jThe U.S.'s international econamic competitiveness and oiir 
Gontribution to world jstability and progress are both dependent on^e 
^ur science and technology. If world social and economic health 
is best. fostered by-each nation doin^for the worid what it can do best and 
frpely trading with the other nations for their mo^t suppliable items in 
return, then continuing U.S. advances in science and technology are funda* 
mental to»our doing»our pap. In this regard the situation is again disap- 
bpointing. In those high 'technology areas where we are close t(> unique In 
our capabilities and opportunities we are moving painfuAy slowly.' 

Ncfw, why^ are^e not doing the best w^can to reap the potential re- 
wards of scientific .research and technological effort? One reason is the 
growing "anti-technology" wave. A substantial fraction of our nation's - 
citizens equate technology with the deviL In attaining our high production ^ 
of goods and services, as Uiey perqeive it, we have lost much 4nd gained too 
little: We have been forced to crowd into the cities, this before we have 
learned to live together. TV offers vapid programs loaded wi^h violence 
th^t mis-eduQate our children. The automobile kills 50,000, people a year 
and fouls the air and we drive in worsening traffic congestion. We goio the 
mObn but we do not care for our senior citizen^. The atom bomb may 
destroy civilization. The nuclear reactor may poison our environment. We 
make our soil mbre productive, but insecticides may do us in. 

Some yfiW argue that the people who believe these things are failing to 
distinguish between the tools of mam and his use— his mis-etsV rather— 6f 
those tools, and wp need^only to 'explain the difference to them. Unfortu- 
nately, 4iow^ver, there indeed has been misapplication of technology. Our 
natiojial njechanism for choice knd decision— ffcr matching potential to^ 
needs and balancing gains and losses when assigning resources to* 
technological advance — is not yet adequatejy developed. After all, we find 
it hard to articulate what kind of a society We waitl'. TKus, it is not surpris- ^ 
ing^hat it is difficult to pinpoint the most effective application of science 
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^nd "technology as tools to help us build it. However, a broad anti-technolo- 
gy bias is a handicap. It stands in the way of , our anivmg at meaningful 
value judgments and impairs our overall ability to reach objective, sound, 
nonemotional decisions on the use of technology. , * # 

An even more serious limitation to our wise employment of science, 
and technology is the public confusion as to the right roles for free, private/ 
enterprise, on the one hand, and government sponsorship and control, oA 
file other. Thus, many people are convinced **busii^ess" is socially ir- 
responsible. Whei^ever any kind of a problem surfaces, they are certain 

' private enterp/ise can be counted on only to exploit it, seeking monopolies 
and **unconscionable" jJJrofits at the expense of the consumer. They thus 
look to government alone to provide solutions. They vote for those politi- 

Krians wife blame business most vehemently. Technological advance is 
often identified with big business, and the anti-business citizens reason 
that such ''advance" jreally- means injected but un needed chaiifees, or 
withheld though needed product improvement, witlf resulting unemploy- 
ment and higher prices. 

Arjother large fraction of the ypters are ei|uajly fed up with govern- 
ment spending and big government gen^r^lly. They see the government as. 
a huge and increasingly incompetent and inefficient bureaucracy. As to 
government- sponsored scientific researcl^and technological advance, tRey 
see the government as /^gaging in wasting dollars int^ the^billiorts, 
probaBly in respi^nse to numerous selfish-i;itere*t constituencies. As a 
Capping indic^ti(yy)f the cqpfiftsion, it seems much of th^ popul^on holds 
both of these exn^eme views at once. They distrust both the fr^e enterprise 
sector's ^ and government's igvolvement with technology and can be 
counted On f©r a totally negative stance. 

We see in the United States today a severe mismatch between the high 
potential of technological advance and the slow pace'1)f the country's 
social- political progress. We are simply not organized to use science and 
technology to the fullest. The pcoWem of wise, full use of science and 
teclniology lies not in any lack of availability or promisef^of science ^rid 
technology per se. It is the interface oi technological with nontechnblogicaj 
factors that is critical and controlling. The whole is a "systems" problem. 
For instance, in choosing* where and how to apply science and technology 
it would be helpful to have clearer national goals; For a ''systems ap- 

,proach" it is required that we know what we are after before we expec^ to 

.get very far. We cann<}t make satisfactory decisions on ^hat to do without 
an understanding of trade-offs and options. We need to be in a position to 
compare? ^tlie "good" that can come from technological advance against the 
"bad" and the'cost. As**ta.our employment of technological change, we can 
be likened to ^ buhch of carpenters, sowing and4iammering away,* often 
getting our finders in the saws and hitting our own thumbs and each«thef s 
heads as we swing our hannneu. who don't know quite what we' are trying 
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I^uild, who'sense an unsatisfactory situation, and who meanwhile blame 
the saws and hammers. ' v ^ 

We have two mechanisms for getting things done in the United States: 
free enterprise and government. These approaches are not mutually exclu- 
sive. In fact, we have always had a hybrid system and the need for a 
balance as we go about allocafeng assignments to private or government in- 
itiatives. One of the two routes ' for progress, the free enterprise 
system -private capital risk seeking a return -has served well f'ortwo 
centuries to connect many of the needs and doMHuyifal^e citizens with tiie 
capabilities of science and technology. This wedding has blessed. us with 
an immense stream of products and services. Why is this free market, free 
enterprise mechanism not still the practical answer to t^e challenge of 
putting science and technology to work sensibly and completely? 

One important reason is that technological business?^ producing 
goods and services, l^rge and small, are not earning enough now on the 
average to provide adequate funds for investment in scientific research and 
new technology ..After the typically small difference between selling price 
and costs is used to pay taxes, the interest on.i)orrowed money,- dividends 
to the shareholder, and the inflated costs of replacing depreciating facili- 
^iies, too little is left tojmprove methods and develop h^w products. So 
* dislocating has been the effect of inflation and recession that most corpora- 
tions have overborrowed. They now find themselves with too high a debt in 
relation t^ their equity capital and their net earnings. Since this conditio^ 
has been parSleled By high interest ^'ates, their debt expenses are extraor- 
dinary. Ma»t technological corporations' slpck is selling on the market at 
less than the bool value of ass^s, even though th&se alssets, because of in- 
flation, could not be bought or replaced now at the stated book value. This 
means new equity capital is as hard to come by a^ are earnings for reinvest- 
ment. 

,< ^ 

There are a number of further limitations of the/ree enterprise secfbr 
in helping us realize today the full promise of advanced technology. An ilj- 
cSasing^ proportion of potentially beneficial technological projects now^fi- 
volve too great a business risk. More specifically^, the "risk to-retum" ratio 
is too great. The clearly foreseeable start-up costs are too high, thetim^to 
^ '*tum -around" to an eventual profit phase too long, and 'the dependence' q£;^ 
success on political decisions forbiddingly severfe. The markets* far from 
being a frpe one determined by the public, the ultimate consumers. In- 
stead, it is a chaotic cacophony of semi-autonomous, conflicting private 
and government actions. 

To ensure the proper application of science and technology in the in- 
terests of the public the government must be in the act. It must regulate 
agai^ist impairment of the public welfare that might arise from some 
technological applications, particularly if performed for the narrow benefit 
of a private group. Moreover, to advance some aspects of science and 
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technology for the general society's benefit, the govemmenl must be relied 
upon for a strong aad essential if not a solitary contribution. This is perhaps 
most obvious in the development of military weapons s^)^ems, for sending 
a man to the moon, and for similar large projects considered as vital to the 
national interest but where there is no consumer product, no free market 
involving the general putJic. On the whole, scientific and technological ad- 
vance realistically involves the government either as the doer, sponsor, 
regulator or partner. Additionally, a host of indirect impacts fn|pi necessa- 
ry and unnecessary government actions set the environment and shape 
decisions on areas of investment and on the mode and pace of activities in 
the private sector. 

The necessity, and yet tfiWomplexity, of combined government and 
* private involvement in science and technology advances means that the 
pace of the advance depends on organization and cooperation.*" ^e are 
weak in both, functions. ^ 

In listing factors highly influential in determining wiiether science and 
technology are used to ihe fullest for the public benefit, we must now men- 
tion one second to none, namely, the profession that is concerned with this 
is^sue. "'Engineering*' has meant to most, both in theory and in implementa- 
tion, the utilization of resources to design and build machines and systems. 
We are in transition to a new, more highly technological society for which 
this definition of engineering, and the profession and activities it describes. 
Tails far short of meeting that society's requirements. T^e proper use of^ 
science — Its timely* and wise application to help man with his problems, 
enchance his opportunities, provide him with acceptable options, and 
satisfy his social and economic requirements — now is seen to constitute an 
endeavor of vast proportions. It is this broad effort, the overall matching of 
'Scientific and technological advance to social needs and progress that must 
constitute ""engineering.^ The profession should include, but does not 
today, everything from the recognition of need, articulating of options for 
filling it, and analysis of technical-economic^social tradeoffs, to the 
^planning, arranging and actual ipiplementation of the most sensible 
^sponse — this whenever science and technology play a majof part in the 
accomplishment. If this neV^profession is not to be developed from present 
engineering as a beginning base, if engineering cannot rise to this needed 
""greater engineering * plateau, this failure does not decrease the require- 
ment. We have a missing profession. 

We wish now to discuss the many changes in education, image, 
motivation, practice and oi^ganization required to develop this necessary 
but presently nonexistent profession. This can best be done if we firsit take 
a look at some examples of technological advances which the society could 
attain with benefit if we were to go about it correctly, but where the pace, 
quality, and clarity of effort today is unsatisfactory. 




In the coming decades the world problem of food and nutriti5n'will 
probably move to the top a^ a critical issue. With very few exceptions the 
nations of the world, developed or under^leveloped, face the certainty of 
food insuCficieniry problems. The United States is close to unique in po^-. 
sessing the combination of natural and technological resources such as to 
yield us a permanent large food surplus. The production we are capable of 
could enable us to make a dominant contribution to the world s supply 
problem. If we organize our research and technology in relationship to the 
market requirements properly, and, of course, have the right political-so- 
cial-economic policies, we can impro^.the economic health and stability 
of the world, exert world leadership tending towards peaceful, cooperative 
world trade (and enjoy a favorable trade balance rather similar to the 
OPEC nations' petroleum based income). 

Our land, soil, weather, topology and size of terrain are? outstanding, 
our capacity for high mechanization is great, and our technological kno^^ 
how on growing, processing, storing, and distributing food is ahg^HSfth^ 
rest of the world. Yet we have hardly scratched the surface^^>^fery basic 
research questions are unanswered (what are the real nutritional require- 
ments of a human being?). Detailed technology of the entire process froj;^ 
seed to mouth remains skimpy. For a maximum effort both the govern- 
ment's and the private sector's role are not yet fully developed and defined. 
Water, energy^d environmental factors involve the government. Policies 
for sale of products to other countries certainly do. The private «ectot can 
be motivated by the right national poHcies to a much greater 4evel of invest- 
ment, innovation and accomplishment, ^ 

Many billions of dollars per year of added income to the United States, 
millions of. people saved 'from starvation and undernourishment, and 
greater worid stability depend on our having the skill and desire to organize 
agricultural science and technology advance, on our putting to work the 
know-how and entrepreneurial ability of Americans^ and our physical 
resources. It is not a project to be finished in a year or two by a small group 
of government- policy makers. The task involves instead a spectrum of in- 
(teracting programs including many disciplines and many government and 
private interests. Food, is an area full of challenge for the full utilization of 
scienee and technology. But if we are to move rapidly and optimize benefits 
in relationship to*costs, the field needs and deserves a thoroughly profes- 
sional effort. 

An'other exarifple where science and '(echnolctgy* advances are not 
being matched wejl to the national need is in the area of transportation, 
whether mass public transport in cities ♦ railroads, airlines or automobiles. 
In e§ich ,of these dnd other segments something is wrong. We. are not 
l^cttihg the transportation that, speaking only technologically, we should \ie^ 
capable of. Too large a fraction of the operating entities are just barely 
avoiding bankruptcy or have achieved* it, or it is not possible to obtain 
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financing for needed improvements, or loo much of fhe traveler's lime is 
dissipated, or the^ystem use^ up too much energy, or it pollutes the aiV too 

^evereljr^— all this beyond wh^t would be the situation if we couM organize 
to create a superiortnatch of technology to real requirement. 

Specifically, surely almost every large city could gain by installing a _ 
first-class public transportation systepi. Of course, for this to be so it has to * 
be the right system. The approach has to be carefully selected anjsJ suitei- 
to each city's layout, industry pattern, employment, H health ^are, educa- 
tion—that is, to that city's total economy, social Mtnoitions and life«style. 
The social and economic gains, assuming a sound application of the correct 

• technology to the city's needs, could be prodigious. In Los Angeles, where 
I happen to live, the average person re3ides, say, 10 miles from wbrjt — such 
. is the city's ''design" — and completes this 10 jniles through heavy traffic SlI 
something closer to JO miles an hour than the 100 miles per hour his au/ 
tomobile can do. A combination of private and urban transportation har- 
monized with the needs of the people would use less energy, cut air pollu -, 
tion^ decrease accident rates and require less total investment (most r^j^the 
latter now left all day in the parking lot contributing nothing). If workers 
could save hours each week compared with present meiTT?>for getting to 
and from work, that would be the equivalent of a major increase in produc • , 
tivity. ' - ♦ 

Let us assume I am right about fhere being a need for a public mass 
transit system in Los Angeles, a potential for large gain in economic and so • 
cial terms. Would it be intelligent for even the largest of American 
technological corporations to invest private resources with the objective of 
developing, then selling, and thus finally earning a return from, a mads 
transit system for Los Angeles? Hundreds' of separate (and generally quar- 
relling, apathetic, self seeking and uncooperative) groupsv^both private and 
gOvernmentaJ, are involved in the creation of the ''market," Critically im- 
portant and potentially beneficial as the application of the right transporta- 
tion technology might be to Los Ahgeles that market is not yet formed. The 
"risk-to return'' ratio for the private corporation going after this field is ab- 
surdly high and the start up cost is huge. Even assuming success in the 
vague future, the time to pay-off is too long and jhe government's policy on 
transportation fares — and hence, the prqmise of return oq the private in- 
vestment— is t6o unpredictable. 

Consider next an-efi.vironmental exampk. Done with a mixture of 
creativity and common sense, a major program fot selective depolluting of 
the principal waterways of the nation stands to yield a high return on the in • 
vestment through improVed health, quality of life and long term economic 
gain from preservation o(hiHnan and natural resources. To accomplish this 
on more than a small scale would require much more scientific research 

' and technology effort than we have so far expended. Understanding pollu- 
tion phenomena in detail, developing superior non polluting approache94o 
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the use of the waters, and inventing and producing a myriad of specified 
equipment would require the assignment of expensive technological and 

. scientific resources for many years. 6f course, such-sbecific technical 
work would be meaningless without attention to compteT-iftterface 
problems, such as severity of cleanliness standards versus short-term 
unemployment consequences, or puzzling out the long-term value to the 
society of cleaner water (hoW clea^?). The decision-makers, in the end the 
public, must be able to see the options and compare the benefits'against 
the price to be paid. 

The technical problems in this area of engineering and the trade-off 
questions of a social and economic nature are admittedly difficult; but the 
organization problem is even more so. Take a specific example -cleaning 
up Lake Erie. If a^ombine could be created of, say, five large corporations, 
including amongst their std"fs and their sub-contractors all the technical 
expertise required, how could they even presume to design and the»>co 
about installing a system that might depollute the Lajte but would also af- 
fect the economy and hence the social makeup of industrial communities 
of millions of citizens bordering it? The private combine might offer 
proposals to install superior waste disposal equipment to a typical city con- 
tributing sewage to the Lake but why should that city pay to pollute the 
Lake less unless' all other polluters do their part in a^ agreed-upon, 
balanced program. Government initiative and sponsorship, at least in pirt, ' 
and rather complete government regulation of standards are essential to 
create a market. Of course, a syndicate of large private corporations would 
not be allowed to form under present interpretations of anti-trust laws, 
even though such an arrangement might be necessary to achieve the 
required breadth of attack on the whole system probren>. 
• We are today approaching the variou# problems of environmental con ' 
t^pl, whether it be land, water or air, through a highly fragmented system of . 
sponsorship, planning and controlf We have arranged nothing near to the 
degree pf cooperation required between the privat^ sector, whefK^nuch of 
the science and technology kno*^-how is to be found, and the government 
agehcies, local through national, who are necessary participants. 

A quite different example of the relationship between science and 

' technology advance and the filling of national needs iyo be found in elec- 
tronic informa*lion technology. Electronic data systenis are now possible 
that can absorb, store, categorize; process, ponder, move and present infor- 
mation in vastlv. higher quantities, yet with greater speed, radically 
reduced cost art^ increased reliability and accuracy, than has ever before 
been conceiv^blV This electronic ^'synthetic brain power" can make each 
human being snaarter at his job. Information makes man's spinning world 
of activities go around, and we all spend much of our time doing: something 
with information. By a new man technology partnership in information han- 
dling the potential for increasing the value of every hour in a person's time 



and hence the nation^*8 productivity is tremendous -in business and indus* 
try, banks, the professions, airlines, hospitals, educational institutions, and 
alllevels of the government. *'\ 

We know that, compared with almost every developed nationAthe 
productivity growth^in the United States is lagging. If it continues, this\lag 
will increasingly hurt our international competitiveness, and stand in ihe 
way of growth of standard of living for the many millions in the United 
States whose situation is well t^ow average. Electronic iq^ri^atton 
technology looms as the solution to ine increasing costs in'lhe service sec- 
tors of our economy. The counter to inflation arid, ()otential for new jobs 
which this new technology offers makes it especially regrettable* if .we can- 
not use science and technology to the fullest in this area. 

As with the telephone then the automobile and later TV, such elec- 
tronic information handling advances become economical only if the users 
are numbJPbd in the many millions. The United'States is close to unique in 
the world in possessing the combination of characteristics needed for im- 
plementation of this information>technology advance: technological lead; 
a^tngle integrated large market; a clear need; opportOnity for high return 
on invested resources. Almost everyone's output could be improved by the 
equivalent of say, f2,000 a year by the application of innovative electronic 
technology that would cost about $1,000 a year for hardware and software 
per person using it, that is, if the implementation were done on a mass, na- 
tional scale. But this would sum up to some hundreds of billions of dollars 
of implementation costs, too big for any one corporation. 

This effort is progressing now in a steady fashion but not nearly at a 
rate possible if one looks only at technological bottlenecks or of limitations 
of basic return on flnancial investment. The problem is that of the leader, 
ship for organization of the systems integration* of a full utilization of infor- 
mation technology. Admittedly, many corporations are involved already in"^ 
producing tfle ideas, systems concepts, apparatus, and the information ii^ 
electronic forn} required for the applications to operate. Thus, tellers in 
many banks iJbw are using electronic information aids to enable them to 
service each customer more accurately, rapidly and efficiently'. A credit 
purchase at a department store, a reservation at an airline counter, a 
purchase of securities through a broker— 'thepe and numerous other appU- 
cations* of advanced inforniation technolo^ ate becoming familiar to us as 
we observe ihe human partners in the activity relyins^on a network of intel- 
ligent terminals, computers, electronic informatio^ fnes and communica- 
tions systems. Full implementation of electronic infcrmation systems 
would radically change the way^in which we communica^ with eaqh other, 
altering our present dependence on the transmittal of pieces of paper by 
the many billions in molton each day across the nation, would substitute 
electronic fund transfer for most checks and most cash transactions, would 
alter the role of the Post Office, and would lead to better concepts for 
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purchasing, scheduling, manufacture, arriving at (incisions of a, profes- 
sional-financial kind, and even the ways medical care is dispensed and 
schools educate our children. However, for the broadest use of electronic 
information technology, the proper interaction of the whole — including the 
evaluation of standards for performance, privacy, and interconnection, and, 
again, the'^arrangement for cooperation between government and private 
,group8-adds up to a system problem far more cohiplex than, let us say,' 
the telephone*system or the TV network system of the^ation. 

In electronic information handling as in many other frontier areas the 
application of advanced technology is not set by the technology ijlself but 
rather by the complexity of the arrangement-making problem. 

Space satellites represent startling additional examples of the poten- . 
tial of further beneficial technological advance. For instance, if we want to 
send telephone messages to Europe we now no longer have to put hundreds 
of thousands of pounds of copper beneath the Atlantic Ocean in form of a 
cable. We can instead put a few pounds of copper in a communications 
satellite and enjoy increased channel capacity. Or consider a space system 
to advance agricultural technology in which we plot and examine the 
earth's resources by satellites working with a network of communication 
equipment, computers and data analyzers on earth. Such a project could 
enchance weather prediction and hasten mineral and water prospecting as 
well as disclosing ^eld potentials and warn -of problems for improved 
agricultural planning. However, a private entity could not scan the terrain 
of our nation and that of others and then offer the information for sale to 
realize income without a government sanctioned position to carry out such 
a task. This means not only government decision-making and sponsorship 
but also government regulation. Earth resources scanning by satellited is 
an example of an embryonic, unsettled area where arrangement-making, 
the settling of goals and functions and the organizing of a team of private 
and government participants, sets the limit on speed of useful application. 

Some aspects of coal technology constitute excellent examples of the 
problem of advancing technology occurring when the size and risk of the 
project and the number of independent players become too great. We know 
we can obtain gas and liquid fuel from coal, that coal can be mined more 
safely by using new <roncepf s in mining machinery^ and that it can be de- 
surfurized and bUmed more cleanly. However, the complete system 
needed for a much greater utilization of coal by tlje United States involves - 
a host of private and public organizations that are rather autonomous and 
not readily directed from any one point: land owners, mine operators, labor 
unions, railroads, pipeline companies, power generating and water suppfy 
utilities, numerous specialized engineering and n\anufacturing organiza- 
tions and many agencies in the federal government and state governments 
that deal with prices, environmental controls, labor and transport, to name . 
only a few. So far no free enterprise group has risen to make a major entry 
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into new coal technology, that is, development then production and dis- 
^ tribution on '5i scale such as to bring coal up to petroleum as a source of 
energy. Such an entry would require billions of dollars and many years of 
start up time before a return would be realized on the investment. Indeed 
that return might never come, so great are the unpredictable risks as- 
sociated with independent decisions made on relateil critical activities not 
^subject to the investor's control. 

%The foregoing examples help illustrate that applying science and 
technology for the benefit of society is an enormously complex task trans- 
cending the science and technology ingredients thereof. Combining 
knowledge and ideas on so many technical, economic, social and political 
fronts is an intellectual challenge. The art of mixing together in^a harmoni- 
ous ensemble public value judgments, technical analyses, and creativity 
with the righj content of pragmatic actions surmounts the established ex- 
pertise of an5 recognized profession. Yet, the potentials match the difficul- 
ties. Also, the detriments to society of inadequacy of attack and execution 
are so great that professionalism in applying science and technology is a 
vital world need Amateurism -everybody in the act in a belter skelter free 
fot all -is in some respects inevitable as part of the operations of a 
democracy. But we are far from an optimum balance. It does not have to be 
as bad as it is. 

Engineefring, as the profession is today, does not fill the need. The sim- 
ple definition that engineering deals wjth applying science and technology 
for the benefit of a society is misleading and, presumptuously, though in- 
nocently,ijverstated. Today's engineering deals witji only a part of the task, 
so It IS only a part of the missing but required profession. Surely those prac- 
ticing engineering today cannot on the average be claimed to have a profes- 
sional knowledge of the society greater than that of many other profes- 
sionals like lawyers, physicians, educators, businessmen, poUticians or 
those selling insurance. Of course, it should, be stated that in no way can 
any of >(iese other professions be regarded as engaged primarily in the 
matching of science and technology to society's wants and needs. 

Engineering may be closer than other conventional professions to what 
we must have, but neither in substance nor image does it cover the intellec- 
tual disciplines, know-how and ipterests embracing the whol6 subject of 
the wedding of science -and technology with economic and social require- ' 
ments. • 

True, n)ost en^neeAng educational institutions hav« for many years 
required that a typical engineering student include courses in the humani- 
ties and social sciences. But this practice has. heen largely to supply a - 
veneer, a cultural coating to make the engineering graduate a fuller man. 
It has not been out of a recognition that understanding the way our society 
operates is as important as understanding physics for the profession the 
student experts to enter. A number of universities offer "hybrid" courses 
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of study— physics and economics, engineering ^nd political science, biofo- 
gy and electronics — and, of couse, some engineering graduates go on to * 
take an additional degree in business, economics or even medicine* Such 
multiple education equips these graduates for careers that are different 
from whal would be open to them with an engineering degree alone. But the 
Image is not that of creating a forte of young people who will comprise the 
new, presently absent, profession looked to by the public as the sourcte of 
leadership to cover the science to society relationship. That relationship is 
being covered instead by accidental, strained, contesting forces powered 
by people from all walks of life. -v^ ^ * 

Notice how different in some pertinent respects the situation is as re- 
gards law and medicine. If we trained our physician^ the way, we do our ea- . 
gineers we first would define medicine narrowry ^ involving (if the reader 
will. forgive a slight exaggeration) the application of drugs dnd knives to the 
human body. Then we. would proceed to train him in drugs amhknives also 
giving him a few short courses on the human body — as a cultural bonus, 
but not with the imperative claim that knowledge of the body is vital to his 
professional work. One would think that if engineering is the profession of 
applying science and technology to society then engineers in soim would 
hav^ to spend about as much lime learning about, and in their professional 
work dealing with, the society a& with the tools they, plan to apply to that 
society. . " - 

Public health, whether it involl^^s treatment of individuals, regul£(f!on 
of manufacture and sale of drugs, or organization of government efforts, in- 
volves physicians in leadership positions. ^ Physicians are not the total ac- 
tors in the professional effort of handling the nation's medical and health 
problems, but they furnish the backbone forjt. 

In a similar way we certainly look^to lawyers on anything that has to do 
with the law. Attorneys provide the professional foundation for such activi- 
ties whether they be by government prandividufeds, businesses or families, 
and whether in lawmaking, law enforcement or the interpretation of tbe 
Constitution. We are not surprised that a majority of national and state 
senators and representatives and Executive Department offlce holders 
have a legal background. The substance and image of the legal profession 
are both pervasive on all matters of life that relate to the law, even though 
individual practitioners may narrowly spend their lives on divorces, busi- 
ness contracts, criminal cases or numerous other specialities. 

WhlR if there did exist for application of science and technology to. 
society a fully developed, tmally adequate professional group with the 
necessary quality and quantity of practitioners? How would things be dif- 
ferent? What would we notice about the way science and technology are 
applied to the society? 

In reply, many things can be mentioned One broad-brush example is 
that since ours is a highly technological society, one in whiqh science and 
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technology figure into almost every aspect of our lives -the economic 
strength and security of the? nation, the way we move about, communic#e, 
^ educate ourselves, and ptovide for our materiarb>mfort and maintain our ^ 

— hpalrh and happiness — a s ubstantial fra^ o n o f thel g adgrsliip uf t he »a - 

tion, private and government, would be expected to come from members of 
that new profession. Their influence wouldtietelt as the nation goes about 
^ reaching decisions. Alternatives would-bp made clearer to us. Facts, theo- 
. ri^, proposals for action, and" value judgments would be articulated more 
•pearly. The |)ublic would be in the habit of listening and trying to un- , - 
derstand what we might get in the Way of benefits and have t6 pay in the 
Way of costs or detriments if we^ decided on various courses of action. Wp 
would expect our railroads, airlines, medical care plans, military weapons 
, systems programs, investments for^echnological advance and further 
scientific research projects to be better run or^better chosen. 

A good many potential changes in the society resultin, 
technological advance would be anticipated. There would exist no 
prediction process, naturally, and the public would not haVe toi 
freedom of choice as a consequence of oVerplanning. However, we 
work less from crises and more by following through based upon an, easier 
and wider participation by the public^in choosing directions and emphases 
as increljiing scientific advance and technological devdopm«nts alter our 
societ^y. If the people want more time to walk barefoot in the sand rather 
than to own more pairs of shoes, that would show itself more readily in th^ 
motivations and controls the government would set up for environmental 
conservation, on the one hahd^or incentives for productivity improvement, 
on the other. The average pirson would have increased awareness that 
science and technology can be used to realize' more the life he wants or, if 
he does not participate in deciding, might be improperiy employed to alter 
society in a Way he does not want. The relationship between goals and 
operating and decision me^^anisms woulj^e clearer, this as a result df a 
stea^flow of analysed and data. A national pattern and habit would 
develop of expecting a nev^ plateau 6f quality and quantity through the in- 
creased utilization of professional effort now highl)^ inadequately supplied. 

Now, if this new level of professional activity is not available today, 
and rf ,we want it in the future, how do we get there from here? If neither 
engineering nor any other profession is "it,^' how flo we plant the new seed 
and make it grow. I submit that engineering is not ineligible eVen as it ex- 
• igs today as the starting point, ahhough I am n©t sure that the new pi;6fes- 
sibn needs to be called "engineering." Perliaps it is "techno-sociology" or 
"sQcio-technology." But those <1vo names are not good enough because 
they suggest a teaming of only two existing areas of endeavef, ejijpneedng 
an^ socblogy. Perhaps it is better to call it poly-socio-econo-politico- 
lechqo-lojy or, for short, "polylogy." What we call it is not the most impor- 
tant factor. 
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Engineering id a sensible beginning point because of two considera- 
tions. First, the already existing base of science and technology the 
profession and in the education for i t is a basic piece of the substahC e and 
^ image of rhe required broadened activity. Even more important, engineer- 
ing is a "do itr profession and the new profession is as well. To digress only 
slightly, to pursue research, we have need for the kind of individual exem- 
plified at tfiTf 'highest by Einstein. These are people who professionally 
apply themselves to understand better the laws of nature. This applies not 
only to physical science bu\ to all other aspects of the universe including 
trying to comprehend the behavior of mart as an individual and in groups. 
For the new broadened profession we are describing, in the long run it is in- 
dispen^ible to have^a steady flow of the contributions of such fundamefiul 
philosophers and researchers. We should not expect to create the missmg 
profession by merging an engineer with, let us say, an academic researcher' 
in sociology. The latter is permanentlylfessential in just what he is doing, at 
which he is presumably expert and for which he presumably has natural 
talent and aptitude. The expanded profession we seek to define and create 
will be concerned, ^s is today's Engineering, with getting things done. 
Again, like engineering, it is (|istinct from pure research. It is net con- 
cerned with attempting to enhance our understanding of the laws of nature 
but it win profit and grow a^That understanding grows. 

University training for this '^greater engineeringprofession^would in- 
evitably have to ihclude three main dimensions: (1) science and technolo- 
gy; (2) the society — the nature of man and his institutions and practical , so- ^ 
cia^olitical-economic disciplines related to makin^he, society work; (3) 
int^discip Unary techniques, or "systems engineeriiSA^e large," for at- 
tajcking problems through recognizing and handli^Bffteraclions, mul- 
tidimensional aspects, interfaces, compromises, alternatives, balances and 
optimizations. The fullest use gf science and' technology^ (or t^ nation 
requiresi understanding both sciencf^and the nation and this thought woujd 
dominate the curriculum. In addition, since most real-life problems involve 
synthesis as well as analysis, methods would be foun^ to bring out the crea- 
tive as well as the analytical talents of the student. 

To assemble a faculty that might be expected to turn out "polylogists" 
clearly requires a merging of talents and specialities to create a new kind 
of teacher as well. Obviously ''greater engineering," like law or medicine 
or any major pursuit, will continue to have its highly detailed specialized 
aspects. Many professionals, probably most of them in fact and most of the 
graduates, might be expectec^ to pursue, specialities as a life's work. The 
same wjll apply to faculty members. But there must bean overall concept 
that all 'of these specialities are somehow part of an integrated whole which 
is interdisciplinary. This certainly requires*that in thff^^nyersitypart of the 
creation of the new profession there be a strong contribution from in- 
dividuals whose zeal and capability are the generalization of the whole and 
the integration of all the parts. " 
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Certainly for the new profession, if it is to develop as quickly as possi- 
ble, we shall have to create mergers from various existing professions. 
There are now people in business, govemmgi>t, law, medicine, sociology, 
(and even engineering) who agree on the points b^ing expressed here and 
who, in making their individual contributions, could properly be labeled 
"school of hard knocks'* polylogists. When an engineer becomes a busi- 
• nessman or even conceivably a senator, or a physician becomes a universi- 
ty president, this does not necessarily mean4ie has become a polylogist, a 
member u>f the hew profession we have been describing. He may have 
simply change^ from one specialized, existing profession to another neither 
of whiich is the new' and presently missing; profession. In mentioning exist- 
ing polylo^sts, f refer rather to individuals whose ioterests and contribu- 
tion are jn the broadest sense actually in the application of science and 
technology to the meeting of society's needs. The individihils^iibo are in 
such situations today are ^n^aged in thefir interactive, intierdiscipUnary a,c- 
tivities more or less fortuitously. They havfe not b??^ dehbe/ately^ffying to 
cseate a pattern foD a new profession. 

'If we want to do^precisely tifiat, the professional socie/ties coirid be 
-helpful. Leaders in engineering should be interested in broadening en- 
gineering.to meet a societal heed. Those concerned^ even though they are 
not engineers, with the operation of maj^^- science and technology centers 
also should be interested. So sH%^d leaders of the academies and the 
major philosophical sochsties, as should university presidents, and heads 
of technological corporations and' of those large government organizations 
that have a hea^ dependence on science* and technology. 

All engineers might encourage the bringing of people into our ffaterni- 
ty who are not normally thought of as engineers, thisiftbey are engaged in 
a distinguished way in contributing to the fullest Use of science and 
technology for the benefit of the world. Many consulting engineers come 
closer in certain respects to having a beginning foundation for '^greater en- 
gineering" than ^o, say, computer engineers or aerodynanttsts. However, 
in general all engineers tend to have been 6rganized and categorized by 
technical sp«ciatitiesT^thef than through the route of interdisciplinary, ac- 
tivities and seldom through the merging and matching of npn technological 
with technological aspects. 

As these paragraphs are recitfed as to what might be done to bring4he 
new profession into being, and even as the case is made that present day * 
engineering in substanc^e and image otfrrs the best base for expaniiot) and 
growth into the needed profession, I am conscious o?how little I ha^ really 
said about how to get there frolAhere. But I think we should be trying ear- 
nestly to make t j;ie step because the payoff could be so great. ^ 

Perhaps it is inevitable that the new profession will arrive only when 
it is ready to arrive as a result of eventual demand pressures of the real 
world. More and more it will become apparent to thinkkig people that we. 
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are inadequately using, or in many instances actually misusing, these 
remakable tools of man, science and technology. It will be seen we are 
missing too much, Evidence will flow steadily showing what wa m ighT gain 
in rewards by improved vision anC performance. The surfacing of the 
potential will attract outstanding brains. Organizational patterns will begin 
ft) improve and intellectual disciplines will be developed The new profes- 
sion will eVolve. I suspect it may still be called. ^^engjmeering. ".Whatever it 
is called, it will be different challenging, cfeativeWi^eneficial to the 
world, well beyond tdday's engineering. 
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frvm the Verioea/ Ttthmic^K W^rmttttn Smne«9, 
Sprmgfttt4, Va. ttttt U*^ 
Federal Infarmatkn Praeeaalaf StaiUarda PaMkatkw 
(PIPS Pt'B8)~Publkation4 in thia aartaa eolla^tleely 
conatituu the Federal Information Pro caa riny Stand* 
.ardi fteffiatcr Reirtatcr aervea^ the oAelal aoarea of 
informatMii in the Paderal Gorcmraent rvfardinf atand* 
ardi laaoed by NBS po^aoant to the Padaaal Property 
aiMl Admintatrative Semcet Art of MM* aa an)endad, 
PablK Law ».306 (7» Sut 1117), and aa tmpldnentad 
by ExecMtivc Order 11717^4M fft 12S15. dated May 11. 
1973) and Part 6 of Titk IS CFR (Code of Pedaral 
Refulations) 

NBS i8ter#k*nry Beparta (NBSIK)— A apeckl aeriae af 

intenm or floai rfporta on work performed by NK3 for 
outaide sponaorv (both ffavemmcnt and nofi'COf arn- 
ment) la r»trai, mitial diatnbutkn la handled by the. 
aponaor. public di^bibotion is by the Nationa] Tadttd- 
cal Information Senrkea iSpnnffleld. V*- ttl61> la 



TIm faBawlf cmTeat^wa n aim aad Hteratare-avrrey 
iftl ma pfclm $n Immti paeMkalty the BOToaa 
OyatMk 0«U C tmm Cmmm Awariama Sarvke. A 
Htaraturt aorvfy tMoad biwee k ly Annual vubacrip. 
lien: D im m k, CSflO. Poratfn. 130 00 . 
t mMt i N H wil Caa. A tita^ira aarvay iaaMd qaar- 



paper copy or mieroAcbe form 

bibuogrJ&hic subscription SERVrCES 

Sa p ^fiWidactkf D^f^ <ad^ Matartak. A tttaratttra 
survey teaued qoarterty, Annual sobacription $3000 
Send subecnption orders and remtttaneaa for tha^pra- 
redinf bibliorriphic aenricei to National Buraau af 
SUndarda. Crrocenk DaU Center m|>^02) Boulder. 
Colorado SOlOf. « 



